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INTRODUCTION 
The efficient use of applied fertilizers by crops is of great eco­
nomic importance. Of the three major plant nutrients applied in ferti­
lizers, phosphorus appears to be the least efficiently used by plants in 
terms of nutrient uptake. Consequently, much research has been directed 
toward increasing the efficiency of phosphate fertilizers as sources of 
phosphorus for plants. This study is concerned with one aspect of this 
basic problem, namely, the particle-size effects of water-soluble phos­
phate fertilizers on different soils. 
Experimental comparisons in the greenhouse (Bouldin, 1956) of plant 
response to soluble phosphate fertilizer of different particle sizes 
have revealed large differences. The extremes found by Bouldin are 
interesting. The large fertilizer particles supplied 2.1k times as much 
fertilizer phosphorus to the plants as did the small particles on the 
Seymour silt loam. On the other hand, the small particles supplied l.U? 
times as much fertilizer phosphorus to the plants as did the large 
fertilizer particles on the Ida silt loam. 
The objective of the investigation reported in this thesis was to 
find and develop a laboratory procedure to estimate the effects of dif­
ferent particle sizes of a soluble phosphate fertilizer material as 
sources of phosphorus for plants on different soils. The development 
and use of such a procedure should lead to a better understanding of the 
soil and fertilizer properties that affect the efficiency of soluble 
phosphate sources. 
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REVIEW OF LITERATURE 
Evaluation of Particle-Size Effects 
Most experiments designed to evaluate particle-size effects of 
phosphate fertilizers have been field or greenhouse experiments or a 
combination of these two. In experiments with dicalcium phosphate, 
phosphate rock, and other essentially water-insoluble sources, small 
fertilizer particles usually have been better than large particles as 
a source of phosphorus for plants (Bouldin and Sample, 1959; Byczkowski 
and Ostromecka, 195U; Hag in, 1957» Joos and Black, 1950; Lawton and Cook, 
1955; and Starostka et al., 195U). 
On the other hand, "in experiments conducted with water-soluble 
phosphate sources, the granulated or large fertilizer particles usually 
have been better than the nongranulated or small fertilizer particles 
(Bouldin, 1956; Lawton and Cook, 1955; Starostka et al., 195b; and 
Wilding, 1950) except on calcareous, soils, where the opposite effects 
have been observed (Bouldin, 1956; Terman, 1958; and Wilding, 191*9). 
Larsen (1955), after conducting field experiments for 5 years in Denmark 
with granulated and powdered superphosphate, concluded that large par­
ticles of superphosphate had little, if any, agronomic advantage over 
small particles, but that they should be preferred because of the improved 
physical condition of the granulated fertilizer. 
Laboratory Studies of Phosphorus Distribution in Soils 
Lawton and Vomocil (195U) studied the dissolution and migration of 
phosphorus from granulated superphosphate in soils. Soil type, soil 
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moisture, soil compaction, and the size of the fertilizer particle 
affected the movement of fertilizer phosphorus into the soil. Where 
the water content approximated the field capacity, 50 to 80/6 of the 
water-soluble phosphorus moved out of the fertilizer particles in 2k 
hours. Some of the phosphorus from U to 8-mesh particles diffused as 
far as .1 inch on 3 of the soils investigated when the moisture content 
of the soil was near field capacity. The extent of both dissolution 
and migration of the phosphorus decreased with decreasing moisture con­
tent of the soils. Most of the phosphorus migration took place during 
the first week. Increased compaction of the soil tended to increase 
both dissolution and migration of the fertilizer phosphorus. The zone 
of soil affected by the fertilizer phosphorus from one fertilizer par­
ticle was in general spherical, but there was some evidence of a slight 
predominance of downward movement of the phosphorus. 
In an attempt to simulate the changing chemical environment of soil 
surrounding a superphosphate granule, Lindsay and Stephenson (1959) found 
that iron, aluminum, and manganese were dissolved by the solution that 
moves outward into the soil from a granule of monocalcium phosphate 
monohydrate. These ions were precipitated as the pH of the solution 
was raised by reaction with more soil. They found also that dicalcium 
phosphate dihydrate was one of the initial precipitation products of 
monocalcium phosphate in soils. Brown and Lehr (1959) and Lehr and Brown 
(1958) also identified dicalcium phosphate dihydrate as one of the initial 
precipitation products of monocalcium phosphate in soils. 
In a stuc^y of one-dimensional diffusion of fertilizer phosphorus in 
soils, Heslep and Black (195b) found that diffusion of the phosphorus 
into the soils increased with increasing moisture content of the soils. 
Soil compaction, if anything, tended to decrease the diffusion of phos­
phorus. This is not in agreement with the work of Lawton and Vomocil 
(195U) mentioned earlier. The data from both papers, however, show that 
other factors such as moisture content, nature of the soil, etc., are 
more important in determining the extent of phosphorus diffusion in soils 
than is soil compaction. For example, Heslep and Black pointed out that 
the extent of phosphorus diffusion was much less in the three calcareous 
soils used than in the five acid soils under similar conditions. In a 
similar diffusion study, Bouldin (1953) also found that phosphorus dif­
fusion was in general greater in acid soils than in calcareous soils. 
Laboratory Evaluation of Particle-Size Effects 
Very little research has been conducted in the laboratory for the 
explicit purpose of comparing different particle sizes of water-soluble 
fertilizer as sources of phosphorus for plants. The work of Bouldin 
(1956) is the most comprehensive. He conducted a greenhouse experiment 
to evaluate particle-size effects of monobasic sodium phosphate on samples 
of six different Iowa soils. (Samples of the same soils were used in 
the study reported in this thesis.) This experiment was followed by a 
series of laboratory,experiments designed to estimate the particle-size 
effects observed in the greenhouse study. 
Bouldin (1956) introduced and used the following concept or hypoth­
esis in his laboratory evaluation of particle-size effects of soluble 
phosphate fertilizers: 
5 
where A is the availability of the fertilizer phosphorus, Gj is the 
availability of the fertilizer phosphorus per unit volume of soil, and 
Vj is the volume of soil containing fertilizer phosphorus with an avail­
ability of Gj per unit volume. The summation is carried out over all 
volumes,of soil affected by the fertilizer phosphorus. 
Values for G^ cannot be obtained by means of laboratory procedures. 
The best that can be hoped for is values that are proportional to the 
values for G%, i.e., indexes of phosphorus availability. Thus, for 
laboratory purposes A1, the overall index of availability, and GÎ, the 
elemental index of availability, replace A and Gj in the original equa­
tion. If values for G- and Vj can be obtained by measurements on soils 
treated with fertilizer of different particle sizes, values of A1 can 
be computed, and these will serve as indexes of values of A. 
Values for gJ could be obtained by sampling the soil at various 
distances from the point of placement of a large fertilizer particle 
and extracting the phosphorus therefrom by some laboratory procedure. 
However, the particle sizes of fertilizer used by Bouldin (1956) were 
too small to obtain estimates of G| by this approach. 
Bouldin turned to a method which involved the immobilization of 
phosphorus by microorganisms. Microorganisms will incorporate P 2^ into 
organic compounds in direct proportion to the specific activity of the 
source of phosphorus, to the quantity of phosphorus immobilized per unit 
volume of soil, and to the total volume of soil. The method for 
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estimating the volume of soil affected by the fertilizer depended on the 
differential immobilization of P 2^ from previously tagged soil phosphorus 
by microorganisms during incubation of fertilized and nonfertilized soil 
samples. During incubation of the nonfertilized soil, the microorganisms 
immobilized P 2^ in direct proportion to the specific activity of the 
tagged soil phosphorus. During incubation of the fertilized soil, the 
microorganisms immobilized P 2^ in direct proportion to the specific 
activity of the two sources, (a) tagged soil phosphorus in the volume 
of soil unaffected by the fertilizer and (b) the tagged soil phosphorus 
diluted by the fertilizer phosphorus in the volume of soil affected by 
the fertilizer. In both soils, the microorganisms immobilized P 2^ in 
direct proportion to the net immobilization of phosphorus. The differ­
ence in P 2^ immobilized in the fertilized and nonfertilized soil samples 
after incubation was used in mathematical expressions derived to cal­
culate the volume of soil affected by the fertilizer!, subject to the 
assumptions that the phosphorus possessed spherical symmetry with respect 
to the center of a fertilizer particle and that the phosphorus distri­
bution was a linear function of the distance from the center of the 
fertilizer particle. 
The estimates of the values for the index of phosphorus availability 
G[ for different concentrations of phosphorus in the soil were obtained 
by adding quantities of monobasic sodium phosphate in solution in the 
proper concentration range to separate samples of soil, by incubating 
uniformly the variously fertilized samples, and by measuring the quan­
tities of phosphorus extracted therefrom by water. 
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After obtaining these data, Bouldin (1956) converted the original 
equation into an integral: 
/-x-û 
A* - n / J [PfJ k ff x2 dx, 
-4o 
where J is the function relating the index of phosphorus avail­
ability g[ to the concentration of fertilizer phosphorus in the soil, 
n is .the number of fertilizer particles in the system under consideration, 
it 77"x2 dx is the elemental volume element (Vj in the original equation), 
and 0 and D are the limits of integration which cover the range of the 
radius of the sphere of soil affected by one fertilizer particle. 
Bouldin (1956) made measurements and calculations for four different 
particle sizes of fertilizer on three soils by the foregoing procedures. 
Because of technical difficulties in the procedure for the volume measure­
ments, however, only the values for the volume of soil affected by the 
different particle sizes of fertilizer on one,soil were thought to be 
reasonably free of errors. It appeared that too much fertilizer had 
been added to the other soils, for the measured activity was lower than 
the activity calculated even if it was assumed that the entire volume of 
soil was affected by the fertilizer. 
Other difficulties were encountered also. One of these was low net 
immobilization of P 2^ during incubation. To increase the net immobili­
zation of P 2^, a nutrient solution (free of phosphorus) was added to the 
fertilized and nonfertilized samples of soil before incubation. Although 
this increased the net immobilization of P 2^, it had the adverse effect 
of creating conditions in which phosphorus was one of the limiting factors 
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of microbial growth. Thus, the net immobilization of was affected 
by the rate of fertilizer addition. 
As a result of these and other difficulties, there was little agree­
ment between the laboratory and plant data in terms of the relative 
availability of the phosphorus from the different particle sizes except 
those for the Seymour soil. 
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ANALYSIS OF AND APPROACH TO IHE PROBLEM 
The primary objective of this study was to develop a laboratory 
procedure which can be used to estimate the relative uptake of phosphorus 
from monobasic sodium phosphate of different particle sizes on the six 
soils used in the greenhouse study of Bouldin (1956). If the value for 
the index of phosphorus availability can be determined for a single 
fertilizer particle of each particle size on each soil, then an index 
of phosphorus availability for any quantity of fertilizer of any par­
ticle size on any of the soils can be calculated by multiplying the 
single-particle index of availability by the number of particles. These 
values for the index of phosphorus availability can be compared with the 
greenhouse data of Bouldin, provided that the zones of phosphorus-affected 
soil around individual fertilizer particles used in the greenhouse did 
not overlap. 
Within a few days after a small particle of soluble phosphate ferti­
lizer has been embedded in moist soil, the phosphorus is essentially 
stationary in a small volume of soil surrounding the original site of 
the particle. The concentration of fertilizer phosphorus ranges from 
high values near the site of the original particle to zero at the periph­
ery of the volume of phosphorus-affected soil. 
The small size of the volume of soil containing fertilizer phosphorus 
is the greatest source of methodological difficulties in the evaluation 
of phosphorus distribution. As an alternative to mechanical sampling, 
which appeared to be impractical, the use of particles of an anion-
exchange resin was conceived. Individual resin particles would contact 
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a much smaller volume of soil than could be sampled mechanically, and, 
if the particles of resin from many locations with the same phosphorus 
concentration were composited, sufficient fertilizer phosphorus could be 
obtained for analysis. If spherical symmetry of phosphorus distribution 
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exists in soil around the original site of a fertilizer particle, the 
proper classification of individual resin particles among composites 
would be a relatively simple matter. This method of sampling should 
have the additional advantage that each resin particle would compete with 
the soil for phosphorus, as a result of which the concentration of phos­
phorus in the res in would provide an index of the availability of phos­
phorus in soil with the same phosphorus concentration as that contacted 
by the resin. 
If the above analysis of the problem is correct, the following 
approach could be used to develop a laboratory method for determining 
the single-particle index of fertilizer-phosphorus availability. It is 
assumed (a) that the phosphorus from a particle of fertilizer placed on 
the surface of a moistened soil moves outward into a hemisphere of soil, 
(b) that the distribution of fertilizer phosphorus in this hemisphere of 
soil is the same as that in either half of the sphere of fertilizer-
affected soil resulting from subsurface placement of a particle of ferti­
lizer twice as large, and (c) that appropriate quantities of a concen­
trated solution of 2-tagged monobasic sodium phosphate can substitute 
for solid particles of P 2^-tagged monobasic sodium phosphate. When these 
assumptions are made, values for the subparticle index of fertilizer-
phosphorus availability can be obtained by strategically placing particles 
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of resin on the soil surface around several different points at which 
simulated applications of one particle size were made, by later removing 
and compositing the particles of resin from comparable positions into 
separate groups, and finally by analyzing these groups of resin particles 
for fertilizer phosphorus. These values for the subparticle index of 
availability, along with values for the volume of soil that was sampled 
by the different groups of resin particles can be used to calculate the 
single-particle index of availability by means of Bouldin*s (l?$6) 
equation, which was discussed in the preceding section. 
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MATERIALS AMD APPARATUS 
Soils 
Samples of six soils were used in this study. These samples were 
collected by Bouldin (1956). The pH, labile phosphorus by isotopic 
dilution, and sampling site for the soils are listed in Table 1. 
For laboratory use, the soil aggregates were crushed to pass a 
ItO-mesh sieve. Care was taken not to crush solid particles too large 
to pass the sieve. These soil materials were discarded. The crushed, 
air-dry soils were stored in glass containers and were used as needed. 
Resin 
The resin used was Dowex ll-Xl;.5, an anion-exchange resin of high 
porosity supplied in the chloride form by Dow Chemical Company, Midland, 
Michigan. The ani on-exchange capacity of the resin was U.l + 0.3 me. 
per dry g. 
The particles of resin used in the laboratory method were selected 
on the basis of uniformity of appearance and size. Some of the resin 
particles were obviously different in appearance from the mass of the 
resinj these particles were discarded. Of the remaining particles, only 
those which became lodged in the openings of a 0.991-mm. sieve and 
remained lodged after inversion of the sieve were used. 
The resin was characterized relative to its affinity for phosphate 
ions in solution. Several 0.1-g. samples of chloride-saturated resin 
were each equilibrated with a different solution of monobasic sodium 
phosphate. The original concentrations of phosphorus in the solutions 
Table 1. The pH, labile phosphorus by isotopic dilution, and sampling site of the soil samples 
used8, 
\ 
Soil type 
Sample 
number plP 
Labile P by 
isotopic 
dilution, 
ppm. Saiqpling site 
Lindley silt loam F-29U5 h.$ 2li Taken primarily from A£ horizon in a 
wooded area, Tama Co. 
Kansan till F-29U14 U.7 -2 About h feet below the surface of a 
Shelby loam in Monroe Co. 
Carrington loam F-29U7 5.2 19 Surface 6 inches of unfertilized 
field on Howard Co. Experimental Farm 
Seymour silt loam F-29U9 5.7 20 Surface 6 inches of unfertilized 
meadow on the Seymour-Shelby Experi­
mental Farm, Wayne Co. 
Webster silty clay loam F-29U6 7.0 
\ 
31 Surface 6 inches of plot lUlO (check 
plot of a long-time fertility exper­
iment), Agronomy Farm, Story Co. 
Ida silt loam F-29U6 8.U 5 Surface 6 inches of an eroded hilltop 
near the Western Iowa Experimental 
Farm, Monona Co. 
^Data from Bouldin (1956) and Bouldin and Black (I960). 
bpH determined on a suspension of 1 part soil to 2.5 parts water by weight with a Beckman pH 
meter. 
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ranged from 0 to greater than $0 ppm. The methods used for phosphorus 
removal from the resin, its subsequent determination, and the determin­
ation of phosphorus in the equilibrating solutions were the same as those 
described under "Evaluation of Particle-Size Effects" in the "ME7HCDS" 
section. The equilibrium concentrations of phosphorus on the resin and 
in solution after the equilibration are presented in Table 2. Figure 1 
is a graphical presentation of the same data. 
Table 2. Phosphorus in the resin and solution after equilibration of 
resin with solutions of monobasic sodium phosphate differing 
in concentration 
P on resin, P in solution, 
jug.P/mg. ppm. 
0.015 o.ooli 
0.93 0.029 
1.90 0.051i 
2.78 0.115 
U.U7 0.392 
6.65 1.16 
8.90 2.6U 
13.1 6.79 
17.2 12.1 
20.7 I8.lt 
26.U 32.2 
30.9 U7.6 
Figure 1. Equilibrium concentration of phosphorus in resin versus that 
in solution 
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PHOSPHORUS IN SOLUTION, ppm. 
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Fertilizer Solution 
Appropriate quantities of a concentrated solution of monobasic sodium 
phosphate tagged with P 2^ were used to simulate the effects of the dif­
ferent particle sizes of solid monobasic sodium phosphate on the six 
soils. Because monobasic sodium phosphate is extremely soluble in water 
and because the fertilizer was to be applied to an almost water-saturated 
soil, a very concentrated fertilizer solution was thought to be a reason­
able substitute for solid fertilizer particles. In fact, applications 
of a very small quantity of phosphorus could be made with greater pre­
cision with fertilizer solution than with solid fertilizer. Besides, 
the fertilizer solution was easy to prepare, and for this reason, the 
decay of the P 2^ therein was not a problem as it would have been in the 
case of solid fertilizer particles. 
The concentration of the fertilizer solution was 380 rag. of monobasic 
sodium phosphate per ml. of solution, and the tagging rate was 10 milli-
curies of P 2^ per g. of phosphorus. This was as concentrated as the 
solution could be and still possess the physical properties necessary 
for measuring and dispensing the proper aliquots with a microsyringe 
(described below). 
This fertilizer solution was used to simulate the three largest 
particle sizes of fertilizer used by Bouldin in his greenhouse study. 
The correspondence between the monobasic sodium phosphate particles used 
by Bouldin and the fertilizer solution is shown in Table 3. For the 
laboratory data to be compared with the greenhouse data, the same particle 
sizes should preferably be used in the process of collecting both. 
18 
Table 3» Data illustrating the correspondence between the solid ferti­
lizer particles used by Bouldin (1956) in the greenhouse study 
and the fertilizer solution used in the laboratory method to 
simulate the effects of these solid fertilizer particles 
Volume of NaHgPO^ solution 
equivalent to one-half the 
Particle Weight per particle weight of one solid 
size, mesh of solid NaHgPO^, mg. . NaHgPO^ particle, til. 
8-10 8.28 10.90 
12-lU 2.1*0 3.16 
16-20 0.76 1.00 
28-32 ' 0.19 0.25 
Because the phosphorus from a surface-placed fertilizer particle diffuses 
into a hemisphere of soil rather than a sphere of soil, as it would if 
the particle were embedded in the soil, the particle-size treatments 
consisted of the quantity of fertilizer solution equivalent to one-half \ 
the weight of one solid monobasic sodium phosphate particle. 
~~ Microsyringes and Microscope 
Hamilton microliter syringes with fixed needles (The Hamilton 
Company, Incorporated, P. 0. Box 307, Whittier, California) were used 
to measure and place the fertilizer solution on the soil surface. A 
50-ul. syringe was used to measure and dispense the fertilizer solution 
for the simulation of the 8 to 10-mesh fertilizer particles; a 10-ul. 
syringe was used for the 12 to llt-mesh and 16 to 20-mesh fertilizer 
particles. 
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The necessary accuracy of placement of. the fertilizer solution on 
the soil surface could not be realized by mere hand injection with the 
microsyringes. Consequently, the microsyringes were attached, one at a 
time, to the focusing mechanism of a microscope in place of the optical 
parts so that surface placement of the fertilizer solution could be made 
more accurately. 
Plastic Soil Containers 
One-fourth inch sheet plastic was used to make 6 soil containers, 
1 for each soil. One soil container, along with soil, paper cylinders, 
and resin, is shown in Figure 2. The containers were rectangular boxes, 
2 inches deep, 5«5 inches wide, and 6.5 inches long. There were four 
holes in the bottom of each container. Two strips of blotter paper were 
placed in the bottom of the container in such a way that the k ends of 
the 2 strips of blotter paper protruded through the U holes in the bottom 
of the container. A rectangular piece of blotter paper almost large 
enough to cover the bottom of the box was placed on top of the two strips 
of blotter paper. " ' 
Twelve open-end paper cylinders, 3.5 cm. in diameter and length, 
made from 3- by 5-inch paper index cards and coated with paraffin, were 
placed in each container. These paper cylinders provided a surface to 
which moist soil did not adhere strongly and from which the soil could 
break away readily upon shrinkage. An arrangement such as this was 
necessary to avoid cracking of the soil upon wetting. There was soil 
both inside and outside the paper cylinders in the soil containers. 
Notches in the bottom of the paper cylinders permitted a continuum of 
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Figure 2. View of surface of Carrington soil in plastic soil container 
showing paraffin-coated paper cylinders enclosing surface-
placed particles of resin arranged in circles around the 
point at which NaHgPOh solution was injected in quantities 
corresponding to particles of different size. Numbering 
the cylinders from left to right, beginning in the upper 
left-hand corner, the treatments were as follows: (1) 
control, (2) 12 to lit mesh, (3) 8 to 10 mesh, (10 16 to 
20 mesh, ($) 16 to 20 mesh, (6) 8 to 10 mesh, (7) 12 to lit 
mesh, (8) 12 to lit mesh, (9) 8 to 10 mesh, (10) 12 to lit 
mesh, (11) 16 to 20 mesh, and (12) 16 to 20 mesh 
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soil in the soil container. 
Stamp of Resin Placement Pattern 
A stamp was made to impart the desired resin placement pattern on 
the soil surface inside the paper cylinders. A thin, circular aluminum 
planchet, 35 mm. in diameter, was altered with a small metal punch in 
such a way that when the planchet was pressed on the surface of a soil 
the pattern shown in Figure 3 was imparted. Other data in Figure 3 will 
be referred to later. 
Tension Table 
An enclosed tension table approximately U inches deep, 18 inches 
wide, and 25 inches long, with an automatic water reservoir, was used 
to wet the soil in the soil containers and to hold the water in the soil 
at a constant tension during incubation. 
Geiger-Muller Counter and Colorimeter 
All determinations of the relative radioactivity of P 2^-tagged -
phosphorus were made using a shielded, mica-window Geiger Millier tube in 
conjunction with a scaler (Nuclear Instrument and Chemical Corporation, 
223 W. Erie Street, Chicago 10, Illinois). 
r 
Plastic Shield 
A clear plastic shield was cut from sheet plastic. Its dimensions 
were 6 by $ by l.U cm. with a hole 1.3 mm. in diameter in the center with 
respect to width, but offset about 1 cm. from the center with respect to 
length. This shield was used in conjunction with the Geiger-Muller 
Figure 3» Schematic diagram of surface perspective of resin placement 
on the soil surface with letter and dimensional indications 
of the hemispherical soil shells and indicated point of 
fertilizer placement 
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counter to measure the relative surface radioactivity from the point of 
fertilizer placement to the edge of the zone affected by fertilizer 
phosphorus. 
Apparatus for Inorganic Carbon Measurement 
The apparatus used for estimating carbonates in the Ida soil is 
described by Erickson et al» (1?L7). 
X-ray 
A General Electric X-ray diffractometer was used to determine the 
nature of a calcium phosphate compound precipitated in both the presence 
and absence of soil. 
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METHODS 
Availability-Coefficient Ratios 
Availability-coefficient ratios of the phosphorus in particles of 
different size applied to different soils were obtained by Bouldin (1956) 
and Bouldin and Black (i960). 
Evaluation of Particle-Size Effects 
Each of the plastic soil containers (Figure 2) was filled to a depth 
of approximately 3 cm. with a different soil. After the soil had been 
firmed by dropping the soil containers through a distance of about 1 cm. 
several times, more soil was added, and the surface was leveled. The 
final soil depth was 3 cm. 
Next, 12 paraffin-coated, open-end paper cylinders were pushed into 
the soil. The bottom edges of the cylinders were touching the blotter 
paper in the bottom of the soil container, and the top edges outlined 12 
circular areas of soil as shown in Figure 2. The surface of the soil in 
each paper cylinder was leveled, the pattern of resin placement was 
stamped on the soil surface in each cylinder, and the resin particles 
were placed individually by means of tweezers according to the imprinted 
pattern. The number of shells filled with resin particles in any paper 
cylinder was determined by the size of the fertilizer particle that was 
to be simulated. 
The weight of the resin particles that were placed in a particular 
soil shell on any one soil for a particular particle-size treatment was 
determined before placement of the particles. For example, the U resin 
particles that were placed in BAtt shells (Figure 3) for the 16 to 20-mesh 
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treatments on the Carrington silt loam, indicated by U, 11» and 12 
in Figure 2, weighed 3.7 mg* In a very few instances, an error was made 
in the original counting of the resin particles that were to be placed 
in a particular shell. This is evident from the fact that the number 
of resin particles shown per shell in Figure 2 does not always agree 
with the number shown in Figure 3. Because the error was in number of 
particles and not in weight of particles, its consequence was insig­
nificant. 
Once all the resin particles were placed, the six soil containers 
were placed on the wet blotter paper in the tension-table box. In a 
few hours the soil and resin were moistened by the water from the water 
reservoir. The water moved from the blotter in the bottom of the tension-
table box into the ends of the blotter paper strips protruding through 
the holes in the bottom of the soil container, then into the rectangular 
piece of blotter paper, next into the continuum of soil in the soil 
container, and finally into the resin particles on the soil surface. 
The tension on the water in the soil was automatically maintained at 
10 cm. as measured from the water level in the water reservoir to the 
top of the soil in the soil containers. The soil was allowed to remain 
in this moistened state several hours before adding the concentrated 
phosphate solution. 
To apply the particle-size treatments, the six soil containers were 
removed, one at a time, from the tension-table box. The appropriate 
microsyringe was mounted on the microscope and was used to measure and 
to place the desired quantity of fertilizer solution in the center of 
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the concentric circles of resin particles on the soil surface in the 
paper cylinders (see Figures 2 and 3). Four of the 12 paper cylinders, 
selected by chance, had 1 ul. of fertilizer solution placed at the 
appropriate spot; It others, also selected by chance, had 3.16 ul. of 
fertilizer solution placed at the appropriate spot; 3 others, likewise 
selected by chance, had 10.90 ul. applied at the appropriate spot, and 
the remaining one had no solution applied, thus serving as a control 
(see Table 3)« 
After the treatment applications, the soil containers were returned 
to the tension-table box; two small beakers filled with toluene were 
placed in the tension-table box to avoid fungal growth on the soils; and 
the box was sealed with masking tape. The soils were incubated in this 
fashion for 7 days at a water tension of 10 cm. and at a temperature of 
25 + 2° C. 
The selection of the 7-day incubation period was somewhat arbitrary, 
as are almost all time periods for such incubations; however, preliminary 
work did suggest that this time period was better than 11+ or 21 days. 
At the end of 7 days, movement of phosphorus had decreased tremendously 
within the volume of the soil affected by the fertilizer phosphorus. 
Moreover, the movement of phosphorus into unaffected soil had virtually 
ceased. 
At the end of the incubation period, the soil containers were 
removed from the tension table, and then the resin particles were removed 
individually from the surface of the six soils by means of tweezers. The 
resin particles were placed in groups by compositing resin particles from 
comparable shells. For example, the 1* resin particles that were removed 
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from the U "A" shells of the I4. simulated 16 to 20-mesh particles on the 
Carrington silt loam were placed in the same group (see Figure 2). 
Very little soil adhered to the resin particles as they were removed 
from the soil. After cleaning the resin particles by rolling them under 
a gentle force imposed by a number-six rubber stopper in hand, practically 
no soil remained. Preliminary work indicated that considerably more soil 
contamination could have been tolerated before the phosphorus in the soil 
would have become significant as compared to the phosphorus contained by 
the resin. 
Before the phosphorus was removed from the resin, the relative 
radioactivity (or activity) of the different groups of resin particles 
was determined by means of the Geiger-Muller counter. This was done to 
have an indication of the aliquot size for the chemical analysis of phos­
phorus after removal from the different groups of resin particles. It 
was necessary to determine the phosphorus removed from one group of resin 
particles to establish the approximate proportionality factor between 
activity and phosphorus. 
The phosphorus was removed from the resin by 3 equilibrations of 
the resin with 1 N HC1. The groups of resin particles were placed in 
30-ml. beakers, 2 ml. of 1 N HC1 was added, and the beakers were placed 
on a steam plate for a few minutes. The beakers were removed, and the 
HC1 solution remaining was transferred to either a 25- or 50-ml. volu­
metric flask according to the estimated phosphorus content of the par­
ticular group of resin particles. The beakers and the resin therein 
were rinsed with distilled water, and this water was also transferred 
to the volumetric flask. This equilibration procedure was repeated two 
29 
more times using 2 ml. of HC1 the first time and 1 ml. of HC1 the last. 
Three water rinses followed the last HC1 equilibration. Activity measure­
ments of the resin before and after extraction of the phosphorus indicated 
100% removal of the phosphorus. 
At this point in the procedure, the checks on the application of 
fertilizer solution were included. The checks on the application of 
fertilizer solution consisted of the quantities of fertilizer solution 
used in the various particle-size treatments on any one soil. In the 
process of treatment application U ul. of fertilizer solution was used 
on each soil to simulate the 16 to 20-mesh particles, 12.6k Ul. to simu­
late the 12 to lU-mesh particles, and 32.70 ul. to simulate the 8 to 10-
mesh particles. Duplicates of these quantities of fertilizer solution 
were measured and placed into volumetric flasks at the time of treatment 
application. Hence, they served as checks on the quantity of fertilizer 
solution used for each treatment. 
It was necessary to reduce the acidity of the solutions in the volu­
metric flasks to a pH near 5« In the process of doing so it was also 
desirable to adjust the salt concentration in all the flasks to approx­
imately a constant value. One drop of a 0.5% solution of p-nitrophenol 
(color change at pH 5*6 to 7*6) was added to each volumetric flask con­
taining the phosphorus from the different groups of resin particles and 
to the volumetric flasks containing the application checks. Next, 
6 N NH|j0H solution was added to each flask according to its volume. For 
eveiy 25 ml. of volume in each flask, a quantity of NH^OH equivalent to 
5 ml. of 1 N HC1 was added. In all flasks this caused a color change 
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from colorless to yellow. The excess NH^OH was then neutralized by HC1 
solution to the extent of obtaining a colorless solution in all the 
flasks, and the flasks were filled to volume with water. By following 
this procedure a fairly constant salt concentration in all flasks was 
obtained. 
A 2-ml. aliquot of each of the solutions was placed on a concave 
aluminum planchet that had been treated with a silicone. (Because solu­
tions of high acidity will react with aluminum, the acidity of the solu­
tions was reduced as described above.) The aqueous part of the solutions 
was evaporated slowly from the planchets on a steam plate. The activity 
of the phosphorus on each planchet was measured under the shielded, 
mica-window Geiger-Mtiller tube of a Geiger-Muller counter. Self absorp­
tion by the precipitate was small; nevertheless, the precaution of placing 
the same amount of precipitate on each planchet was observed. (This 
precaution was built into the method by the adjustment of the salt 
concentration.) 
The phosphorus content of the solutions in the volumetric flasks 
was determined colorimetrically by the method of Dickman and Bray (19U0) 
as modified by Legg and Black (1955)» 
A knowledge of the activity of the phosphorus on the planchets, of 
the appropriate aliquot factors, and of the total phosphorus content of 
the solutions for the application checks made possible the calculation 
of the quantity of fertilizer phosphorus absorbed by the resin particles 
in the different groups. The proportionality factor between activity 
and phosphorus used in these calculations was determined from the 
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measurements made on the six application checks. 
The following data were collected: (a) the weight of the group of 
resin particles that were placed in a particular soil shell for a par­
ticular particle-size treatment on a particular soil, (b) the fertilizer 
phosphorus that was absorbed by the various groups of resin particles, 
(c) the total phosphorus that was absorbed by the various groups of resin 
particles, (d) the dimensional description of the hemispherical soil 
shells, and (e) the phosphorus contained in the application checks. These 
data for all soils were available from two replications of the procedure 
described in the above paragraphs. 
By making the appropriate calculations, part of the above data was 
converted into the following data for the soil shells of each particle-
size treatment on each soil in each replication: (a) /ug. of fertilizer 
phosphorus absorbed by the resin per rag. of resin, (b) /ug. of total 
phosphorus absorbed by the resin per mg. of resin, and (c) jug. of soil 
phosphorus absorbed per rag. of resin. 
In addition to the above data, the actual volumes of the hemispher­
ical soil shells were calculated, and from these, the relative volumes 
of soil shells were calculated. The relative amounts of phosphorus in 
the different simulated fertilizer particles were determined also. 
These data were used, assuming hemispherical distribution of ferti­
lizer phosphorus, to calculate an index of fertilizer phosphorus avail­
ability for the different particle-size treatments on each of the six 
soils by means of the following equations 
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where A1 is an index of availability of phosphorus in the soil-fertilizer 
reaction zone of one surface-placed, simulated monobasic sodium phosphate 
fertilizer particle, qJ is an index of the phosphorus availability per 
unit volume of soil in the _ith hemispherical soil shell, and V| is the 
volume of soil in the j,th hemispherical soil shell with an index of phos­
phorus availability of G J per unit volume of soil. The summation is 
carried out over all shells that are affected by the fertilizer phosphorus. 
The values for the wg. of fertilizer.phosphorus per mg. of resin 
were used for g|; the relative volumes of soil in the different shells 
were used for Vjj and the values obtained by the equation for "A1 " for 
the different particle sizes were multiplied by the appropriate factor 
so that the comparison of particle-size effects could be made in terms 
of equal amounts of fertilizer phosphorus. These factors were 1, 3.553, 
11.22 for the 8 to 10-mesh, 12 to lli-mesh, and 16 to 20-mesh particles, 
respectively. 
Determination of the Concentration of Fertilizer 
Phosphorus in the Soil 
The plastic shield, the Geiger-Muller counter, and the incubated 
soil in the paper cylinders were used to obtain the data for calculating 
the concentrations of fertilizer phosphorus in the hemispherical soil 
shells. The data consisted of the values for the relative activity of 
a small circular area (or spot) in each soil shell. 
To obtain these data the soil cylinders were removed, one at a time, 
from the plastic soil container after the resin had been removed. The 
plastic shield was placed on top of one of the soil cylinders in such a 
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way that all the soil surface was covered except for that spot of soil 
surface which happened to be exposed by the small hole in the plastic 
shield. After adjusting the position of the plastic shield to expose 
the desired spot on the soil surface, the soil, with plastic shield on 
top, was placed in the Geiger-Muller tube shield just under the tube. 
With the soil in this position, a 2-minute count was made. The shield 
was then moved to expose a spot in the next soil shell, and another count 
was taken. These counts were not made at locations that had been covered 
previously by a particle of anion-exchange resin. After spots on the 
soil surface for all shells in the soil cylinder had been counted, a 
small lead shield was placed over the hole in the plastic shield, and 
a background count was taken. 
A single spot in each soil shell of all fertilized soil cylinders 
for all soils was counted as above described. These data were combined 
according to the design of the experiment. For example, the three values 
for the relative activity of the three spots in the "A" shells in the 
three cylinders that represented the simulated 8 to 10-mesh particles 
on the Carrington soil were averaged (see Figure 2). 
With these data it was possible to draw curves of relative concen­
trations of fertilizer phosphorus versus distance from the point of 
fertilizer placement fop-the three different particle-size treatments 
on any particular soil. If the distribution of fertilizer phosphorus 
in the soil around the point of fertilizer placement was assumed to be 
hemispherical, the absolute concentration of phosphorus in the different 
soil shells could be calculated by means of the following equation: 
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T = c [AVa + BVb + CVc + DVd + EVg + FVf] , 
where T is the total quantity of phosphorus that was placed on the soil 
surface to simulate the application of one fertilizer particle of a 
particular size; A, B, ... , and F are the average net counts for the 
spots on the soil surface in hemispherical soil shells "A" through 11F", 
respectively; Va, ... , and Vf are the volumes of soil in hemispher­
ical soil shells "A" through "F", respectively; and c is a constant for 
each particle size on each soil. The only unknown in the equation is "c". 
After "c" was determined, the products, cA, cB, cD, cE, and cF, were 
calculated. These products are the concentrations of phosphorus in the 
respective soil shells. The activity of the spot at the point of ferti­
lizer placement (X in Figure 3) was also determined. The product cX is 
a point estimate of the concentration of fertilizer phosphorus in the 
soil. The data presented in the next section of the thesis are averages 
of the above described data for the two replications. 
Determination of the Distribution of Fertilizer 
Phosphorus in Soil 
About 3 weeks after the determination of the concentration of ferti­
lizer phosphorus in the soil (described in the preceding paragraphs), a 
similar procedure was used to determine the distribution of phosphorus 
in the soil around the point of fertilizer placement. Although the 
activity of the phosphorus in the soil had decreased, the same soil • 
cylinders were used. 
First, two circular areas (or spots) in each soil shell were counted. 
Collectively the spots formed a diameter across the top of the soil 
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cylinder. The soil cylinder was then split into two halves by making 
a vertical cut through the point of fertilizer placement. From this 
point three radiais were drawn with ink on one of the newly exposed sur­
faces. Ink dots were placed along these radiais to correspond to the 
points of resin placement in the soil shells on the original soil surface 
(Figure 3). Finally, the activity of spots beside the ink dots along 
the three radiais was measured. 
These data are presented in Table 11 in the appendix for 3 soils. 
The same data were used, as explained below, to calculate the isocount 
lines shown in Figure U. The net counts for the spots on the soil for 
each of the five radiais on each soil were plotted against the distance 
from the point of fertilizer placement in five separate graphs. The 
curve on each graph was eye-fitted to the data. From these curves for 
a particular soil, isocount points were selected, and the locations of 
these points with reference to the point of fertilizer placement were 
taken from the curves and were used to draw the isocount lines shown in 
the schematic diagrams in Figure it. 
Determination of Carbon Dioxide 
Evolution from the Ida Soil 
The inorganic carbon content of the Ida soil was determined by a 
modification of the method of Erickson et al. (19U7). The modification 
was merely an extension of the reaction time of the soil and trichloroace­
tic acid to 36 hours. The evolution of carbon dioxide was also determined 
using 5 ml. of a saturated solution of monobasic sodium phosphate in the 
procedure rather than the trichloracetic acid. 
36 
The same determinations were made on the Ida soil after it had been 
treated for 12 hours with sonic vibrations generated by a 50 watt, 
Raytheon sonic oscillator (9 Kc. per sec.). Other samples of the Ida 
soil were subjected to the sonic vibrations in the presence of excess 
monobasic sodium phosphate solution. The inorganic carbon content was 
then determined by the modified procedure of Brickson et al. (19U7)« 
Separation and X-ray of a Soil 
Phosphate Precipitate 
A considerable quantity of the precipitate was needed for the purpose 
of X-ray identification. Five 10-g. samples of the Ida soil were each 
reacted with 25 ml. of a saturated solution of monobasic sodium phosphate 
for over 1;8 hours. At the end of this reaction period the five soil 
samples were repeatedly washed with water by stirring the soil and water, 
allowing the large particles to settle, and siphoning off the supernatant 
liquid and the suspended material therein. After many washings the soil 
material remaining in the soil sample containers was essentially sand-
size. A gray material seemed to float on the surface of the sand-size 
material. The gray material was removed with an eye-dropper, the excess 
water was evaporated, and the material was ground and then placed in the 
trough of an aluminum X-ray slide. The slide was stored in a water-
saturated atmosphere. 
During the process of separating this material from the soil many 
small white particles were noticed. Approximately 100 of these particles 
were separated from the soil by wet sieving the residual soil material. 
The white particles were retained by a UO-mesh sieve; the residual soil 
material passed through. These particles were washed thoroughly with 
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water, ground, and mounted on a glass slide. The slide was air dried 
and stored in a diy petri dish. X-ray patterns of the material on the 
two slides were obtained. An X-ray pattern was obtained also for the 
washed precipitate from the reaction of calcium carbonate and a concen­
trated solution of monobasic sodium phosphate. 
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RESULTS AND DISCUSSION 
Laboratory Evaluation of Particle-Size Effects 
Distribution of fertilizer phosphorus in the soil around simulated 
particles of fertilizer 
The method developed for calculating the index of phosphorus avail­
ability applies to the hypothetical condition in which the concentration 
of phosphorus in the soil around a simulated particle of fertilizer 
placed on the soil surface is the same at all points equidistant from 
the point of placement. To provide a test of the method, the distribution 
of fertilizer phosphorus around the point of placement of a simulated 
fertilizer particle was investigated for three soils, Ida silt loam, 
Seymour silt loam, and Lindley silt loam. The distribution found experi­
mentally for the Ida and Seymour soils is shown in Figure U. 
The "isocount lines" or lines of equal radioactivity in Figure I4. 
indicate that in these two instances, the soil-fertilizer reaction zone 
was essentially hemispherical and that the concentration of phosphorus 
at points equidistant from the point of fertilizer placement did not 
vary excessively. The first isocount line from the point of fertilizer 
placement in each of the diagrams is somewhat saucer-shaped. The saucer 
shape of these isocount lines in the diagrams probably reflects a small 
horizontal flow of the fertilizer solution from the point of injection 
on the soil surface. 
Fertilizer phosphorus concentration in the soil around simulated particles 
of fertilizer 
Curves relating the concentration of fertilizer phosphorus in the 
Figure U. Schematic diagrams of vertical cross sections of. samples of 
Ida silt loam and Seymour silt loam showing the distribution 
of fertilizer phosphorus around the point on the surface of 
the soil at which a simulated particle of -tagged mono­
basic sodium phosphate was placed 
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soil to the distance from the point of fertilizer application for the 
three particle-size treatments on each of the six soils are presented 
in Figures 5 through 10. The'figures are arranged according to increasing 
pH of the soils. In general, the concentration of fertilizer phosphorus 
near the point of fertilizer placement for any one particle size increases 
stepwise as the pH increases from one soil to the next. This relation­
ship holds for all the particle sizes and for all the six soils except 
the Seymour silt loam. The values of phosphorus concentration near the 
point of fertilizer placement for the different particle sizes on the 
Seymour soil are relatively low. 
The concentration of fertilizer phosphorus at the point of fertilizer 
placement on the Ida silt loam (pH 8.U) was approximately 7 times greater 
than the fertilizer phosphorus concentration at the comparable point on 
the Lindley silt loam (pH U»5). Bouldin (1953) and Heslep and Black 
(195U) reported that the distance of movement of phosphorus away from a 
soluble source was greater in açid then in calcareous soils. Ragland and 
Seay (1959) found that more phosphorus was removed from solution by acid-
washed samples of soil of clay size as the percentage of the cation-
exchange capacity satisfied by calcium increased. This line of evidence 
suggests that the precipitation of the phosphorus by calcium near the 
point of placement precluded its diffusion in the soil more distant. 
Because the precipitation of phosphorus by calcium is known to occur 
in soils, because the Ida soil was known to contain free calcium carbon­
ate, because the evolution of a gas was observed during application of 
the 8 to lO-mesh particle-size treatment to the Ida soil, and because 
Figure 5* Fertilizer phosphorus concentration in the soil versus the 
distance from the point of surface placement of simulated 
particles of P^^-tagged monobasic sodium phosphate of dif­
ferent sizes on the Lindley silt loam (pH h»S) 
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Figure 6. Fertilizer phosphorus concentration in the soil versus the 
distance from the point of surface placement of simulated 
particles of P^'-tagged monobasic sodium phosphate of dif­
ferent sizes on the Kansan till (pH U.7) 
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Figure 7. Fertilizer phosphorus concentration in the soil versus the 
distance from the point of surface placement of simulated 
particles of P^'-tagged monobasic sodium phosphate of dif­
ferent sizes on the Carrington loam (pH 5.2) 
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Figure 8. Fertilizer phosphorus concentration in the soil versus the 
distance from the point of surface placement of simulated 
particles of P 2^-tagged monobasic sodium phosphate of dif­
ferent sizes on the Seymour silt loam (pH 5*7) 
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Figure 9. Fertilizer phosphorus concentration in the soil versus the 
distance from the point of surface placement of simulated 
particles of P 2^-tagged monobasic sodium phosphate of dif­
ferent sizes on the Webster silty clay loam (pH 7.0) 
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Figure 10. Fertilizer phosphorus concentration in the soil versus the 
distance from the point of surface placement of simulated 
particles of 2-tagged monobasic sodium phosphate of dif­
ferent sizes on the Ida silt loam (pH 8.U) 
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application of the monobasic sodium phosphate fertilizer solution to 
this soil caused the color of the soil to become lighter around the 
point of fertilizer application, it was hypothesized that the acid fer­
tilizer solution dissolved some of the calcium carbonate of the soil, 
caused carbon dioxide to be evolved, and caused formation of a calcium 
phosphated precipitate. This hypothesis was tested. It was found that 
application of a solution of monobasic sodium phosphate to Ida silt loam 
caused both decomposition of some of the calcium carbonate and evolution 
of carbon dioxide. In addition, very small gray particles and larger 
white particles of a new substance appeared in the soil. These particles 
were positively identified by X-ray technique as dicalcium phosphate 
dehydrate. Thus, the hypothesis was confirmed. 
Because not all of the carbon dioxide was evolved when Ida soil 
was reacted with an excess of a concentrated solution of monobasic sodium 
phosphate, whereas all the carbon dioxide was evolved from finely ground 
pure calcium carbonate under similar treatment, it was hypothesized that 
dicalcium phosphate precipitated on the surface of relatively large 
particles of calcium carbonate in the Ida soil and, in the process of 
doing so, formed a protective coating around the particles which essen­
tially stopped the reaction. This hypothesis was tested by treating . 
Ida soil with sonic vibrations in an attempt to break down relatively 
large particles of calcium carbonate before reaction with monobasic 
sodium phosphate. This treatment had little effect on the quantity of 
carbon dioxide evolved from the Ida soil by the fertilizer solution. 
About half of the carbon dioxide in the Ida soil was evolved regardless 
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of whether the measurement was made before or after the treatment with 
sonic vibrations. According to the method of Bricks on et al. ( 19U7 ) »
the total carbon dioxide content of the Ida soil was equivalent to about 
10% calcium carbonate expressed on a dry-soil basis. This test did not 
verify the hypothesis, but because no evidence was obtained to show that 
the calcium carbonate particles were disintegrated by the treatment, the 
hypothesis can hardly be said to have been disproved. 
Relative efficiency of fertilizer phosphorus uptake by the resin in the 
various shells around simulated particles of fertilizer 
The relative efficiency of fertilizer phosphorus uptake by the resin 
was determined. Relative efficiency of fertilizer phosphorus uptake by 
resin is defined as the ratio, (fertilizer phosphorus uptake by the resin, 
in jig. P per mg, resin)/(fertilizer phosphorus concentration in the soil, 
in mg. P per cm.3 soil). Ideally, it is an index of the availability 
coefficient of the fertilizer phosphorus. 
Values for the relative efficiency of fertilizer phosphorus uptake 
by the resin were obtained for the resin in each soil shell for each 
particle-size treatment on each of the six soils. The data are listed 
in Table k and are presented in graphical form in Figures 11 through 16. 
The qualitative interpretation of the differences in the efficiency 
curves for any one of the six soils is not always an easy matter, for 
the volumes of soil in the individual hemispherical soil shells which 
were sampled by the resin vary according to the distance from the point 
of placement. Nevertheless, the qualitative differences in the curves 
for each soil will be discussed. 
Table U. Values for the relative efficiency of fertilizer phosphorus uptake by the resin in the 
hemispherical soil shells for the different particle-size treatments on the six soils 
(*ig. fertilizer P/mg. resin) ^ 
(mg. fertilizer P/cm.-* soil) 
size, Soil w Lindley Kansan Carrington Seymour Webster silty Ida 
mesh shell" silt loam till loam silt loam clay loam silt loam 
8-10 A 17.lt 30.U U.7 11.9 7.5 3.9 
B 6.7 17.0 u.u 13. h 13.5 lit. 9 
C 3.8 U.7 3.1 11.3 16.5 33.1 
D 1.7 0.2 0.9 3.3 10.8 15.3 
E o.f 0. 1.5 0.1 1.6 0.8 
F 0 - 0.1 0 0 0.1 
12—lJU A 5.1 23.8 2.9 16.8 15.1 7.3 
B 2.2 6.3 2.2 llt.U 25.6 32.8 
C 1.1 0.3 1.0 3.5 12.9 27.2 
D 0.1 0 0.3 o.l 1.3 3.8 
E 0 0 0 0 0.1 0.1 
16-20 A 3.6 12.7 2.0 22.9 16.2 20.5 
B . 1-5 1.7 1.0 8.6 21.8 36.8 
C 0.2 0 . o.U 0 2.9 7.2 
Û 0.1 0 0 - 0.1 0.3 
^Table 9 in "Appendix B" contains the basic data. 
^Description in Figure 3. 
Figure 11. The relative efficiency of fertilizer phosphorus uptake 
by the resin versus the distance from the point of surface 
placement of simulated particles of F"2-tagged monobasic 
sodium phosphate of different sizes on the Lindley silt 
loam 
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Figure 12. The relative efficiency of fertilizer phosphorus uptake by 
the resin versus the distance from the point of surface 
placement of simulated particles of F 2^-tagged monobasic 
sodium phosphate of different sizes on the Kansan till 
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Figure 13. The relative efficiency of fertilizer phosphorus uptake by 
the resin versus the distance from the point of surface 
placement of simulated particles of ?32-tagged monobasic 
sodium phosphate of different sizes ort the Carrington loam 
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Figure lit. The relative efficiency of fertilizer phosphorus uptake by 
the resin versus the distance from the point of surface 
placement of simulated particles of 2-tagged monobasic 
sodium phosphate of different sizes on the Seymour silt 
loam 
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Figure 1J>. The relative efficiency of fertilizer phosphorus uptake by 
the resin versus the distance from the point of surface 
placement of simulated particles of tagged monobasic 
sodium phosphate of different sizes on the Webster silty 
clay loam 
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Figure 16. The relative efficiency of fertilizer phosphorus uptake by 
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In the Lindley soil (Figure 11), the relative efficiency of the 
8 to 10-mesh particles of fertilizer is greatest, that of the 12 to lU-
mesh particles is intermediate, and that of the 16 to 20-mesh particles 
is least. These conclusions are based on the fact that the relative 
efficiency curve for the 8 to 10-mesh particles is considerably above 
the other two curves, and the curve for the 12 to lU-mesh particles is 
always a little above the curve for the 16 to 20-mesh particles. 
In the Kansan till (Figure 12), the relative efficiency of the 8 to 
10-mesh particles is greater than the efficiency of the 12 to lb-mesh 
particles, and, in turn, the 12 to lU-mesh particles are more efficient 
than the 16 to 20-mesh particles. These conclusions are based on the 
relative positions of the efficiency curves. 
The relative efficiencies of the different sizes of fertilizer par­
ticles in the Carrington loam (Figure 13) are qualitatively the same as 
for the Lindley silt loam and the Kansan till. The explanation for the 
differences in efficiency is also the same. The decreasing order of 
efficiency of the 3 sizes of particles on these 3 soils is 8 to 10 mesh, 
12 to lU mesh, and 16 to 20 mesh. This order of efficiency is the same 
as the order of efficiency of the same particles sizes of fertilizer 
when they were used as sources of phosphorus for plants in the greenhouse. 
The qualitative interpretation of the differences in the efficiency 
curves in Figures lit, 15, and 16 is complex, for in these figures the 
curves cross each other. Consequently, only the trend of increasing 
effectiveness of the smallest particle size relative to the largest paro­
tide size from the Seymour soil to the Webster soil and to the Ida soil 
will be pointed out. 
In Figure lit the point on the curve for the 16 to 20-mesh particle 
at 1.5 mm, is higher than the comparable point on the curve for the 8 
to 10-mesh particle. Except for this point, the curve for the 8 to 
10-mesh particle would always be above the curve for the 16 to 20-mesh 
particle. In Figure 15 the first two points (at 1.5 and U.5 mm.) on the 
curve for the 16 to 20-mesh particle are higher than the comparable points 
on the curve for the 8 to 10-mesh particle. The same is true in Figure 
16, but here the differences in the values of efficiency between the 
first two points on the curve for the 16 to 20-mesh particles and the 
comparable points on the curve for the 8 to 10-mesh particles are much 
greater than the comparable differences in Figure 15. 
Indexes of availability of phosphorus applied in different sizes of 
fertilizer particles . 
The equation of Bouldin, A1 = £? G,! V. was used to calculate the i*l i i 
values for the index of phosphorus availability. Because only the rela­
tive values for A* are of significance, the relative volumes of the hem­
ispherical soil shells were used in the above equation rather than the 
actual volumes. The data listed in Tables 5 and 6 were calculated by 
means of the above equation. Values given in rows of data opposite the 
individual soil shells correspond to values of G- Vj. The rows of data 
indicated by "Total" in the tables contain the sum of the values of 
Gj V£ over all soil shells. The rows of data indicated by "Total x 1," 
"Total x 3.553»" or "Total x 11.22" in the tables contain the values for 
the index of phosphorus availability for the different particle-size 
treatments on the six soils expressed in terms of equal amounts of 
fertilizer phosphorus. 
Table 5* Index of availability of fertilizer phosphorus in the soil shells around the points of 
surface placement of simulated particles of p32-tagged monobasic sodium phosphate of 
different sizes on the six soils 
Fertilizer 
particle 
size, mesh 
Soil 
shell 
(jug. fertilizer P/rag. resina) x (Relative volume of soil shell0) 
Lindley 
silt loam 
Kansan 
till 
Carrington 
loam \ 
Seymour 
silt loam 
Webster silty 
clay loam 
Ida 
silt loam 
8-10 A 10.8 26.2 6.28 15.9 13.6 16.7 
B 20.8 85.li 18.6 67.9 72.8 93.8 
C 22.8 36.9 18.6 72.6 92.9 106. 
D 10.4 0.999 4.11 14.8 40.3 36.3 
E 0.366 0 2.68 0.061 2.50 1.83 
F 0 0 0.091 0 0 0.091 
Total 65.2 149. 50.lt 171. 222. 255. 
Total x 1.000e 65.2 149. 50.4 171. 222. 255. 
12-14 A 2.06 14.0 1.79 10.4 11.6 14.6 
B 3.98 17.1 4.37 29.8 41.2 51.0 
- C 2.51 0.361 2.17 5.98 17.4 22.4 
D 0.037 0 1.11 0.037 1.07 2.15 
E 0 0 0 0 0.061 0.061 
Total 8.59 31.5 9.44 46.2 71.3 90.2 
Total x 3.553 30.5 112. 33.5 164. 253. 320. 
16-20 A 0.81*6 4.38 0.649 6.00 7.76 10.5 
B 1.26 1.69 0.896 6.82 11.62 17.1 
C 0.095 0 0.095 0.019 1.29 3.27 
D 0.037 0 0 0 0.037 0.074 
Total 2.24 . 6.07 1.64 12.8 20.7 30.9 
Total x 11.22 25.1 68.1 18.4 144. 232. 347. 
aAverage values from Table 9 in the appendix. 
^Relative volumes of shells "A" through F are 1, 7, 19, 37, 61, and 91, respectively. 
cRelative weights of the 8 to 10-, 12 to 14-, and 16 to 20-mesh fertilizer particles are 
11.22, 3*553, and 1.000, respectively. 
Table 6. Index of availability of soil plus fertilizer phosphorus in the soil shells around the 
points of surface placement of simulated particles of P^^-tagged monobasic sodiunr 
phosphate of different sizes on the six soils 
Fertilizer Oug. soil plus fertilizer P/mg. resina) x (Relative volume of soil shell13) 
particle Soil Lindley Kansan Carrington Seymour Webster silty Ida 
size, mesh shell silt loam till loam silt loam clay loam silt loam 
8-10 A 10.8 27.1 6.38 17.4 16.4 17.0 
B 21.8 86.1 19.5 71.4 78.4 99.4 
C 24.7 36.1 18.4 80.2 103. 114. 
D 10.5 1.18 8.03 17.3 48.1 38.1 
E 2.20 0.366 1.28 0.732 7.02 3.11 
F 2.09 0,182 0.910 0.728 3.64 1.82 
Total 72.1 151. 54.5 188. 257. 273. 
Total x 1.000° 72.1 151. 54.5 188. 257. 273. 
12-14 A 2.12 14.5 1.97 11.0 11.8 15.0 
B 4.41 17.4 5.24 31.9 43.8 57.5 
C 3.34 0.399 2.77 6.95 20.9 22.8 
D 0.814 0.592 0.666 0.370 4.37 3.03 
E 1.22 .488 0.793 0.610 2.50 1.22 
Total 11.9 33.4 11.4 50.8 83.4 99.6 
Total x 3.553 42.3 118 40.6 180 296 353 
16-20 A 0.880 4.16 0.688 6.45 8.62 10.5 
B 1.66 1.79 1.08 6.59 13.4 17.4 
C 0.646 0.190 0.513 0.399 2.81 3.61 
D 1.18 0.185 0.518 0.333 1.44 0.851 
Total 4.37 6.32 2.80 • 13.8 26.3 32.4 
Total X 11.22 49.0 71.0 31.4 155 295 363 
aAverage values from Table 9 in the appendix. 
^Relative volumes of shells A through F are 1, 7, 19, 37, 61, and 91, respectively. 
^Relative weights of the 8 to 10-, 12 to 14-, and 16 to 20-mesh fertilizer particles are 
11.22, 3.533, and 1.000, respectively. 
If the relative efficiency curves in Figures 11 through 16 are 
reviewed in light of the data in Table £, a more complete mental picture 
of the qualitative significance of the relative positions of the curves 
for each soil can be obtained. The contribution of each soil shell to 
the index of availability of fertilizer phosphorus for a particular 
particle-size treatment on a particular soil can be seen. In simple 
words, the whole can be seen in terms of its parts. 
On the Lindley, Kansan till, Carrington, Seymour, and Webster soils, 
the values (Table 5) for the index of fertilizer phosphorus availability 
increase with increasing particle size, except for the value for the 8 
to 10-raesh particles on the Webster soil. On the other hand, the values 
for the index of phosphorus availability increase with decreasing particle 
size on the Ida soil. The data in Table 6, which are for the index of 
availability of soil plus fertilizer phosphorus, show the same qualitative 
relationships. The effects of fertilization on soil phosphorus avail­
ability are discussed later. 
Comparison of Laboratory and Greenhouse Data 
The laboratory data (Table 5) are in qualitative agreement with the 
greenhouse results in 17 out of 18 cases when the comparisons are made 
among particle-size effects within soils. The one exception is the 
laboratory index of availability for the 8 to 10-mesh particles on the 
Webster soil; it is too low relative to the values for the 12 to lU-mesh 
and 16 to 20-mesh particles to be in qualitative agreement with the 
greenhouse data. 
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Availability-coefficient ratios versus extractability-coefficient ratios 
The comparison of availability-coefficient ratios and extractability-
coefficient ratios appears to be the best means of quantitative evaluation 
of the laboratory method. The availability-coefficient ratios in Table 7 
were calculated from those presented in the paper by Bouldin and Black 
(i960). Bouldin and Black calculated the original ratios by the pro­
cedure described by White et al. (1956) using the 28 to 32-mesh particles 
of fertilizer as the standard. Because 28 to 32-mesh particles were not 
included in the laboratory study, the original availability-coefficient 
ratios were changed to obtain ratios which were based, as shown in Table 
7, on the 8 to 10-mesh particles of fertilizer as standard. 
The extractability-coefficient ratios in Table 7 were calculated 
from the data in Tables 5 and 6. The index of phosphorus availability 
for the 8 to lOnnesh particles was used as the denominator, and the in­
dexes of availability for the 12 to llv-mesh and 16 to 20-mesh particles 
were used as numerators in the two ratios obtained for any soil. 
If the soil-fertilizer reaction zones of individual fertilizer par­
ticles used in the greenhouse study were independent, the availability-
coefficient ratios calculated from the yields of true fertilizer phos­
phorus can be legitimately compared with the extractability-coefficient 
ratios calculated from the laboratory indexes of fertilizer phosphorus 
availability. However, the availability-coefficient ratios and the 
extractability-coefficient ratios in columns U and 6 in Table 7 cannot 
be compared legitimately regardless of the nature of the soil-fertilizer 
reaction zones because of the lack of an adequate laboratory control. 
Table 7. Availability-coefficient ratios calculated from, plant data, and extractability-coefficient 
ratios calculated from laboratory data for the different particle-size treatments on the 
six soils 
Availability-coefficient ratios3, Extractability-coefficient ratios*3 
Soil 
Ratio of dif­
ferent particle 
sizes 
Yield of 
true fert. 
P 
Net increase in 
yield of P from 
fertilization 
Index of 
fert. P 
availability 
Index of soil 
plus fert. P 
availability 
Lindley silt loam 12-1U/8-10 0.9k 1.05 0.U7 0.U7 
16-20/8-10 0.80 0.91 0.38 0.68 
Kansan till 12-1U/8-10 0.85 0.85 0.75 0.79 
16-20/8-10 0.78 0.77 0.U6 0.U7 
Carrington loam 12-1V8-10 0.89 0.92 0.66 0.7b 
16-20/8-10 0.69 0.77 0.37 0.58 
Seymour silt loam 12-1V8-10 0.7 5 0.77 0.96 0.96 
16-20/8-10 0.62 0.67 0.8U 0.82 
Webster silty 12-1U/8-10 0.86 0.92 1.1U 1.15 
clay loam 
16-20/8-10 0.82 0.92 1.05 1.15 
Ida silt loam 12-1U/8-10 1.18 1.22 1.25 1.29 
16-20/8-10 1.38 1.U3 1.36 1.33 
^Calculated from the ratios presented by Bouldin and Black (i960). 
^Calculated from data in Tables 5 and 6. 
Figure 17. Graphical comparison of the availability-coefficient ratios calculated from greenhouse 
data (Bouldin, 1956) and extractability-coefficient ratios calculated from laboratory 
data 
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Figure 17 is a graphical comparison of the availability-coefficient 
ratios from values of yield of true fertilizer phosphorus and 
extractability-coefficient ratios from values of the laboratory index 
of fertilizer phosphorus availability. The quantitative relationship 
between the plant and greenhouse ratios is poor (r^ = 0.37). However, 
it should again be pointed out that the laboratory data indicated cor­
rectly the qualitative differences among particle sizes for all soils 
except the Webster, and with this soil only one of the three values for 
the index of phosphorus availability for the different particle sizes 
was in qualitative disagreement with the plant-response data. Further­
more, the Webster soil is classified as a borderline soil with regard 
to particle-size effects because the differences in efficiency of the 
different particle sizes were small. Therefore, an error of choice among 
particle sizes of fertilizer to be used on this soil is less significant 
than a similar error on the other soils. 
At present, no completely satisfactory explanation for the poor 
quantitative relationship of the laboratory and greenhouse data is at 
hand. However, examination of both the laboratory and greenhouse data 
suggests that the original expectation of independent soil-fertilizer 
reaction zones of individual particles of fertilizer used in the soil in 
the greenhouse was not realized. Inherent within the laboratory method 
was the assumption of independence of these zones. Consideration of the 
consequences of this unexpected deviation leads to a reasonable explan­
ation of the poor correlation between the greenhouse and laboratory data. 
Table 8. Volume occupied by 700 g. of the various soils and difference between the volume of 
spheres that can be cubically packed in this volume occupied by 700 g.a of any of the 
various soils and the laboratory-measured volume of soil affected by the phosphorus 
from different amounts of fertilizer of different particle sizes when the spheres of 
soil influenced by individual particles did not overlap 
Difference in volume (in cm.313) 
Soil 
Volume occupied 
by 700 g. of 
soil, cm.3 
Particle 
size, 
with indicated addition of 
phosphorus per culture 
mesh 15 mg. 30 mg. 45 mg 
8-10 270 197 125 
12-14 171 1 -170 
16-20 18 
-305 -629 
8-10 240 168 96 
12-14 142 - 28 -199 
16-20 - 11 
-334 -658 
8-10 287 215 143 
12-11; 189 19 -152 
16-20 36 -287 -611 
8-10 298 226 154 
12-11» 200 30 -141 
16-20 47 -276 -600 
8-10 232 160 88 
12-lU 134 - 36 -207 
16-20 
- 19 -342 -666 
8-10 232 160 88 
12-14 134 - 36 • -207 
16-20 
- 19 
-342 -666 
Lindley silt loam 
Kansan till 
Carrington loam 
Seymour silt loam 
Webster silty clay loam 
Ida silt loam 
651 
595 
686 
707 
581 
581 
aIn each greenhouse culture the particles of fertilizer were mixed with 700 g. of soil. • 
^Difference « (volume of soil per 700 g. soil) x (0.5236) - (volume of soil affected per 
particle of fertilizer) x (number of fertilizer particles). 
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Laboratory evidence of overlapping of soil-fertilizer reaction zones of 
individual particles of fertilizer 
The laboratory data in Table 8 substantiate the hypothesis of over­
lapping of soil-fertilizer reaction zones of individual particles of 
fertilizer used in certain fertilizer treatments in the greenhouse. 
These data were calculated to provide a numerical indication of the rela­
tive extent of overlapping under the different fertilizer treatments. 
The absolute value of the negative values in the table shows the excess 
volume of soil that would be affected by cubically packed spheres of 
soil affected by the fertilizer from individual particles without over­
lapping, over that volume of soil in each greenhouse culture which is 
available for such packing. Because the fertilizer particles were not 
cubically distributed in th,e soil of each culture, but rather were simply 
mixed with the soil, the extent of overlapping no doubt was greater than 
that indicated by the data in Table 8; how much greater is not known. 
The evaluation of the magnitude of overlapping is also complicated by 
the fact that some mass. movement of phosphorus probably occurred when the 
soils in the greenhouse were originally moistened. The 700 g. of fer­
tilized soil in each culture rested on 3000 g. of quartz sand in the 
bottom of No. 10 metal cans lined with polyethylene bags. Enough water 
was added, by means of a tube, to the sand to cause saturation of both 
the soil and the sand. The cans were then covered with wrapping paper 
and remained covered for 10 days before the oats were placed on the soil 
and covered with l£0 g. of soil. 
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Evaluation of the effects of overlapping of zones of influence of indi­
vidual fertilizer particles 
For discussion purposes, overlapping of zones of soil influenced by 
the phosphorus from two or more fertilizer particles will be divided into 
two categories according to the degree of overlapping. First, strong 
overlapping is defined as the overlapping resulting when two or more 
fertilizer particles were closer together in the soil than the length 
of the radius of phosphorus movement from a similar particle acting 
independently. And second, moderate overlapping is defined as the over­
lapping resulting when 2 or more fertilizer particles were farther apart 
in the soil than the length of the radius of phosphorus movement from a 
similar particle acting independently, but not over 1 diameter apart. 
To discuss the effects of these two categories of overlapping, the 
extent to which they occur must be considered. The values in Table 8 
are assumed to reflect the relative extent of total overlapping, and 
because the fertilizer particles were simply mixed with the 700 g. of 
soil, it is reasonable to assume that the data in Table 8 also reflect 
the relative extent of strong overlapping and moderate overlapping which 
occurred under the different fertilizer treatments in the greenhouse. 
Moderate overlapping would increase the efficiency of all sizes of 
particles of fertilizer on all soils according to the relative efficiency 
curves in Figures 11 through 16. As the extent of moderate overlapping 
increases, the efficiency of the fertilizer would increase. Hence, the 
extent to which the efficiency of the fertilizer used in the greenhouse 
was increased by overlapping probably increased as the particle size 
became smaller because the extent of moderate overlapping inferred from 
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Table 8 was in the same order. These qualitative effects of moderate 
overlapping were the same on all six soils used in the greenhouse study. 
The quantitative effects cannot be ascertained. 
No general statement will cover the effects of strong overlapping 
for all particle sizes of fertilizer on all soils except in the extreme 
case where the rate of fertilization is so high and the extent of strong 
overlapping is so great that all particle-size effects are destroyed. 
Strong overlapping in the Lindley, Kansan till, and Carrington soils 
(Figures 11, 12, and 13) would increase the efficiency of all sizes of 
fertilizer particles, the magnitude of the increase probably being 
greatest with small particles and least with large particles because the 
extent of strong overlapping may be inferred from Table 8 to be in the 
same order. The net effects of strong overlapping in the Seymour, 
Webster, and Ida soils are not clear from Figures lU, 15, and 16, for 
increasing the concentration of phosphorus in the soil up to a certain 
concentration (different for each of the three soils) would increase 
efficiency, but increasing the concentration of phosphorus in the soil 
beyond this point would decrease the efficiency. Hence, the net effect 
of strong overlapping on efficiency could be positive or negative. 
The effects of strong overlapping and moderate overlapping have been 
discussed separately, but in reality they occur together. The over-all 
effects of overlapping on the Lindley, Kansan till, and Carrington soils 
are reasonably straightforward. All overlapping, except possibly that 
resulting in phosphorus concentrations in the soil which are beyond the 
reasonable extrapolation of the efficiency curves, increases the efficiency 
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of the different sizes of particles, the magnitude of the increase being 
directly related to the extent of overlapping. 
The over-all effects of overlapping on the Seymour, Webster, and 
Ida soils are not so apparent, for certain overlapping with any one of 
all sizes of particles appears to result in increased efficiency, but 
other overlapping appears to result in decreased efficiency. 
Possible effects of overlapping on the greenhouse data 
Figure 18 shows the yield of fertilizer phosphorus in oat plants 
grown on the Kansan till with three quantities of two particle sizes of 
monobasic sodium phosphate fertilizer. The efficiency of utilization 
of the fertilizer phosphorus decreases with each successive increment 
of 8 to lOmoiesh particles but increases with each successive increment 
of 28 to 32-#esh particles. This same tendency is present in correspond­
ing graphs for all soils except the Seymour silt loam. 
The increasing efficiency of absorption of phosphorus from successive 
increments of 28 to 32-mesh particles may be explained on the basis that 
the availability coefficient of the phosphorus was increased by over­
lapping, and this increase more than offset the decrease in efficiency 
of absorption usually associated with increasing supply of nutrients. 
The decreasing efficiency of absorption of phosphorus from successive 
increments of 8 to 10-mesh particles may be explained on the basis that 
the increase in the availability coefficient of the phosphorus from over­
lapping was relatively small because relatively little overlapping 
occurred, and this increase was not enough to offset the decrease in 
efficiency of absorption usually associated with increasing supply of 
Figure 18. Yield of fertilizer phosphorus in oat plants grown on Kansan 
till with three quantities of each of two particle sizes 
of monobasic sodium phosphate. Plotted data are from Table 
10, which was taken from Bouldin and Black (I960) 
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nutrients. 
The extrapolated parts of the two curves in Figure 18 have been 
drawn to indicate that particle-size effects disappear where the appli­
cation of fertilizer and the extent of overlapping became sufficiently 
great. It is noteworthy that the curve for the 28 to 32-mesh particles 
of fertilizer is sigmoid in shape while that for the 8 to 10-mesh par­
ticles is shaped as a normal yield of nutrient curve. 
The effect of overlapping on the curve for the 28 to 32-mesh par­
ticles is reflected in the availability-coefficient ratio calculated 
from the model of concurrent straight lines with zero intercept (White 
et al.j 1956). If this model were fitted to the points on the two curves 
in Figure 18, the ratio of the slope of the line for the 28 to 32-mesh 
particles to the slope of the line for the 8 to 10-mesh particles would 
be higher than if no overlapping had occurred. 
If the above analysis of the effect of overlapping on- the ratio of 
the availability coefficient of phosphorus in 28 to 32-mesh particles 
to that of phosphorus in 8 to 10-mesh particles applied to Kansan till 
can be extended to include the other soils (except the Seymour, in which 
the tendency of increasing slope of the curve for the 28 to 32-mesh 
particles was not apparent), the poor correlation of the values plotted 
in Figure 17 can be explained, at least in part. According to this 
analysis, all the availability-coefficient ratios shown in Figure 17 are 
too high except those for the Seymour soil. Lowering the high values 
would tend to straighten the line by lowering both ends. This would 
probably improve the relationship of the two sets of ratios. 
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Because the values of ratios are subject to change by changes in 
either the numerator or denominator, perhaps the best way to evaluate 
the effects that overlapping of soil-fertilizer reaction zones had on 
the greenhouse data is to examine the phosphorus uptake by the plants 
under the different fertilizer treatments on the different soils in the 
light of the laboratory values for the index of phosphorus availability. 
Figure 19 contains a plot of the fertilizer phosphorus uptake per culture 
versus the index of fertilizer phosphorus availability. The legend on 
the graph is reasonably clear; however, further explanation should be 
made concerning certain aspects of the graph. The data for the different 
quantities of fertilizer are separated by the lines on the graph that 
appear almost as a hand. The straight lines at the top of the graph 
are eye-fitted lines to the 3 points for a particular particle size of 
fertilizer on a particular soil for the 3 different rates of fertiliz­
ation. The lines were spread out horizontally, without changing the 
slopes, to make it possible to present the lines for all soils near the 
top of the^graph without crowding. The values for the index of fertilizer 
phosphorus availability with the 30-mg. and lj5-mg. additions of phosphorus 
are twice and thrice as large as those for the l£-mg. addition for the 
otherwise comparable soil and particle-size conditions. The values for 
the 15-mg. addition are one-tenth of those in Table 5. 
With this explanation of the information presented in the graph, 
the effects of overlapping will be considered. If no overlapping had 
occurred and if the laboratory method had yielded values that were per­
fectly correlated (linearly) with the greenhouse data, the points in the 
Figure 19. Uptake of fertilizer phosphorus by plants from different quantities and different par­
ticle sizes of monobasic sodium phosphate applied to six soils versus the laboratory 
index of fertilizer phosphorus availability. The data plotted in this graph are listed 
in Table 10 in "APPENDIX B" or were calculated from the data listed in Table 
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graph would fall on a straight line that begins at the origin of the 
graph and has a positive slope. If it is assumed that the slope of this 
hypothetical line is governed by the general trend of the present data, 
the points for the Lindley, Kansan till, and Carrington soils will deviate 
more from the line than will the points for the Seymour, Webster, and 
Ida soils. The values for the uptake of phosphorus by the plants may be 
too high or the values for the uptake of phosphorus by the resin (index 
of phosphorus availability) may be too low. Either of the above or a 
combination of the above would help to explain the deviation of the points 
for the Lindley, Kansan till, and Carrington soils from the hypothetical 
* 
line through the origin which follows the general trend of the data. 
The second of the above possibilities, namely, relatively low values 
for the uptake of phosphorus by the resin, does not seem likely because 
Amer et al. (1955) found that the uptake of phosphorus from solution by 
an anion-exchange resin (Dowex 2) was slightly favored by low pH. The 
pH values for the Lindley, Kansan till, and Carrington soils are low as 
compared to the pH values for the other soils. Hence, the second possi­
bility is rejected. The more likely possibility appears to be that the 
values of phosphorus uptake by the plants are relatively high. 
High values of phosphorus uptake by the plants can be explained on 
the basis of overlapping. To do this, the lines at the top of the graph 
in Figure 19 will be examined. The slopes of the lines for the Lindley, 
Kansan till, and Carrington soils are greater than the slopes of the 
lines for the other three soils and are greater than the slope of the 
hypothetical line that would represent the general trend of all the data. 
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The slopes of the lines for the other three soils agree reasonably well 
with the slope of"the hypothetical line. 
The previous discussion of the effects of overlapping indicated that 
the over-all effect of overlapping in the Lindley, Kansan till, and 
Carrington soils would be to increase the efficiency (or uptake of phos­
phorus by plants) of all particle sizes of fertilizer, the increase being 
directly related to the extent of overlapping. Because the uptake of 
phosphorus should increase with extent of overlapping and because the 
extent of overlapping increases with rate of fertilization, the slope of 
the line through the three points should be greater than if no overlapping 
occurred. 
There is also a fairly consistent relationship among the three lines 
for each of the three soils, Lindley, Kansan till, and Carrington, that 
can be explained on the basis of overlapping. The slopes of the lines 
for each soil decrease with increasing particle size. The relationship 
is not so apparent for the other soils. 
The previous discussion of the effects of overlapping indicated that 
the over-all effect of overlapping in the Lindley, Kansan till, and 
Carrington soils would be to increase the efficiency of all sizes of 
fertilizer particles, the increase being difectly related to the extent 
of overlapping. The data in Table 8 indicate that the extent of over­
lapping increased with decreasing particle size. Because the extent of 
overlapping increased more with rate of fertilization when the small 
particles of fertilizer were used than when large particles were used, 
the slopes of the lines would be expected to decrease in slope with 
increasing particle size. 
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In the above paragraphs an attempt has been made to explain, on the 
basis of overlapping, why the values for the uptake of phosphorus by the 
plants grown on the Lindley, Kansan till, and Carrington soils were rela­
tively high, especially the values for the uptake at the two highest 
rates of -fertilization. The same values for the other three soils, 
according to Figure 19, agree more closely with the hypothetical line 
that would represent the general trend of the data. Because overlapping 
. on the Webster, Ida, and Seymour soils appears to have both a positive 
and negative effect on the availability of phosphorus, the total effect 
of overlapping was probably not as great as it was on the Lindley, Kansan 
till, and Carrington soils. 
If the points in Figure 19 for the Lindley, Kansan till, and Carring­
ton soils are eliminated from consideration, the degree of association 
among the remaining 27 points for the values of fertilizer phosphorus 
uptake by the plant and the values for the index of availability of fer­
tilizer phosphorus is fairly high (r% = 0.92). If the degree of associ­
ation is calculated after substitution of the index values of the large 
fertilizer particles for the index values of all particle sizes on each 
soil in accordance with the different rates of fertilization, the degree 
of association is reduced (r% = 0.78). The high values of r^ suggest 
that the laboratory method for measuring the index of phosphorus- avail­
ability has a large number of factors in common with phosphorus uptake 
by plants, at least on these soils. The difference in the two values 
for r^ shows that the refinement which includes particle-size effects 
improves the correlation. 
Wow if the points for the Lindley, Kansan till, and Carrington soils 
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are eliminated from Figure 17, the remaining points, although small in 
number, fall almost on a straight line. In conclusion it is thought 
that the greatest cause of the poor correlation of the data in Figure 
17 results from overlapping of soil-fertilizer reaction zones in the 
soil used in the greenhouse. 
hypotheses of Particle-Size Effects 
Bouldin (1956) found that large particles of monobasic sodium phos­
phate were better as a source of phosphorus for plants than small par­
ticles on acid soils, that large particles were slightly better than 
small particles on a soil of pH 7, and that small particles were better 
than large particles on a calcareous soil of pH 8.4. 
On the basis of the knowledge gained in this study, the following 
discussion concerning probable causes of particle-size effects is pre­
sented. On acid soils the phosphorus from a certain weight of large 
particles affects a smaller volume of soil than the phosphorus from an 
equal weight of small particles. As a result of this difference, the 
phosphorus from small particles of fertilizer is exposed to reaction 
with more cations than is the phosphorus from large particles of fertil­
izer. Because of the greater excess of reactive cations in the soil 
occupied by phosphorus from small particles, the concentration of phos­
phorus in solution after a given length of time should be lower in soil 
occupied by phosphorus from small particles than from large particles. 
Data in Table 9 in "APPENDIX B" indicate that the concentration of 
phosphorus in the soil solution at 1.5 mm. from the point of placement 
of 8 to 10-mesh particles of fertilizer was 137, 101, 75.0, 6.73, 4.67, 
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and 3.13 times as great as the concentration of phosphorus in the soil 
solution at 1.5 mm. from the point of placement of the 16 to 20-mesh 
particles on the Lindley, Kansan till, Carrington, Seymour, Webster, and 
Ida soils, respectively.' The soils are listed above in the order of 
increasing pH. 
On the calcareous Ida soil, just as on the acid soils, a certain 
weight of large fertilizer particles affects a smaller volume of soil 
than the equivalent weight of small fertilizer particles, but the 
particle-size effects on the Ida are opposite from those on the acid 
soils. 
When a particle of monobasic sodium phosphate is placed in a moist­
ened Ida soil, the hydrogen ions in the fertilizer react with the calcium 
carbonate in the soil, dicalcium phosphate dehydrate is precipitated, 
and carbon dioxide is evolved. Laboratory evidence verifies the occur­
rence of these events and suggests that the main reactions can be 
described as follows: 
NaH2P% + CaCOj + 2H20 = CaHPOj^ • 2H20 + NaHCO^ 
NaH2PO^ + NaHCOj = Ma2HP0^ + HgO + C02 . 
The hydrogen ions from the fertilizer probably move no farther from 
the point of fertilizer placement in the soil than is required for their 
neutralization. Therefore, because the calcium carbonate content of the 
soil is fairly high, the primary factor that controls the extent of phos­
phorus precipitation near the point of fertilizer placement appears to 
be simply the amount of fertilizer placed there. 
The curves showing concentration of fertilizer phosphorus versus 
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distance from the source for the Ida soil (Figure 10) show that the 
extent of phosphate retention near the point of fertilizer placement 
decreased greatly as the particle size of the fertilizer decreased. The 
values in Figure 16 for the relative efficiency of phosphorus uptake by 
the resin at the points on the three curves at 1.5 mm. from the point of 
fertilizer placement increase with decreasing particle size or, according 
to Figure 10, with decreasing concentration of fertilizer phosphorus in 
the soil. If ppm. of phosphorus in solution (Table 9 in "APPENDIX B") 
is substituted for the uptake of phosphorus by the resin in the efficiency 
expression on the abscissa of the graph in Figure 16, the efficiency 
relationship among the three particle sizes at the points 1.5 mm. from 
the point of fertilizer placement is qualitatively the same as before 
substitution. In other words, the phosphorus in relatively small con­
centration in the soil immediately around the original site ol a small 
particle of fertilizer is more efficient in supplying phosphorus to 
solution than is the phosphorus in relatively large concentration in the 
soil immediately around the original site of a large fertilizer particle. 
The foregoing relationship of particle-size effects can be explained 
by an anology. If two vastly different quantities of dicalcium phosphate 
dehydrate were placed in two beakers containing equal quantities of water 
so that after equilibrium some solid-phase dicalcium phosphate remained 
in both beakers, the concentration of phosphorus in solution in the two 
beakers should be equal according to the solubility-product principle. 
In fact, the total phosphorus in solution should be equal, but because 
the total phosphorus content of each of the two beakers is vastly 
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different, the efficiency with which phosphorus is supported in solution 
is vastly different. It is quite clear that the dicalcium phosphate 
present in the beaker in the smaller quantity is the more efficient 
supplier of phosphorus to solution and that a considerable increase of 
phosphorus in solution in the beaker with more dicalcium phosphate would 
be necessary before the prevailing efficiency relationship would be 
reversed. 
The fact that the phosphorus in small particles of fertilizer was 
a more efficient source of phosphorus for the oat plants than the phos­
phorus in large particles on the Ida soil can be at least partially 
explained by the same logic used in the above anology. There is also 
the possibility that the increased concentration of phosphorus in the 
soil solution around the site of fertilizer placement for the large par­
ticle over that for the small particle may not have been reflected in 
terms of plant uptake because both concentrations were fairly high. 
Effect of Fertilization on Soil Phosphorus Availability 
Bouldin (1956) found that the yield of soil phosphorus by plants in 
fertilized culture was greater than the yield of soil phosphorus in non-
fertilized cultures or controls. Thus fertilization enhanced the uptake 
of soil phosphorus. (The enhanced uptake of soil phosphorus can be cal­
culated from the data in Table 10 in "APPENDIX B» as follows: yield of 
total phosphorus per culture minus yield of phosphorus per culture in 
the control minus yield of true fertilizer phosphorus per culture is 
equal to the enhanced soil phosphorus uptake.) 
According to Bouldin and Black (i960) the enhanced uptake of soil 
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phosphorus by plants as a result of fertilization can be explained on 
the basis of (a) enhanced growth of roots and absorption of soil phos­
phorus in the nonfertilizer-affected soil in the presence of the fer­
tilizer, (b) enhanced absorption of soil phosphorus in the fertilizer-
affected soil, or (c) a combination of (a) and (b). 
When the greenhouse data for the enhanced uptake of soil phosphorus 
by the plants grown on the six soils fertilized with different particle 
sizes of fertilizer at different rates are considered in light of the 
laboratory data, "(b)" above appears to be the more important source of 
enhanced uptake of soil phosphorus. The enhanced uptake of soil phos­
phorus increased with rate of fertilization (1 exception out of a possible 
72) and with decreasing particle size of fertilizer within any rate of 
fertilization (16 exceptions out of a possible 72) on all soils. Six of 
the 17 exceptions occurred on the Kansan till which, according to Bouldin 
and Black (I960), contains essentially no labile soil phosphorus as 
measured by isotopic dilution. 
It can be reasonably inferred from the evidence about the extent 
of overlapping of spheres of influence of individual fertilizer particles 
presented in Table 8 that the volume of soil affected by the fertilizer 
increased in the same manner as did the enhanced uptake of soil phosphorus 
up to the point where the evidence suggested that all the fertilized soil 
was affected. Beyond this point the enhanced uptake of soil phosphorus 
increased with rate of fertilization and with decreasing particle size 
within any rate of fertilization, just às described above. If all of 
the fertilized soil was, in fact, affected, as indicated by the laboratory 
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data, before the fertilization rate reached the maximum, then the enhanced 
uptake of soil phosphorus must be affected by the concentration of fer-
filizer phosphorus in any volume of soil or by the reactions which result 
from the presences of such concentrations. Apparently there is an optimum 
distribution of a certain quantity of fertilizer in a certain volume of 
soil for enhancement of uptake of soil phosphorus because at the same 
rate of fertilization, small particles were more effective than large 
particles in enhancing soil phosphorus uptake. 
Briefly, "(b)11 appears to be the more important source of enhanced 
uptake of soil phosphorus because, as the enhanced uptake of soil phos­
phorus by the plants increased, the volume of soil in which 11 (b)" could 
occur increased at the expense of the volume in which "(a)" could occur. 
Ultimately, as can be inferred from the data in Table 8, no soil of 
category "(a)" remained within the portion of the soil that was mixed 
with fertilizer. In such instances, enhanced uptake of soil phosphorus 
outside of the fertilizer-affected soil could have occurred only in the 
150 g. of soil that was used to cover the oat seed at planting. These 
statements are not intended to infer that "(b)", under all conditions, 
is more important than "(a)", for this is yet to be determined. Available 
evidence, however, does indicate the importance of "(b)", which is 
enhanced uptake of soil phosphorus in the fertilizer-affected soil. 
If plants absorb more soil phosphorus from fertilizer-affected soil 
than from a corresponding volume of soil unaffected by fertilizer, the 
soil phosphorus in solution or that which can easily go into solution 
must be greater in the fertilizer-affected soil than in the control soil 
that is not fertilized at all. Two mechanisms are thought to have caused 
the increased uptake of the soil phosphorus observed by Bouldin (1956) 
in the greenhouse study. First, within the spheres of fertilizer-affected 
soil the tagged fertilizer phosphorus was diluted not only with the 
relatively little soil phosphorus in solution, but also with a consider­
able quantity of solid-phase soil phosphorus by isotopic exchange of 
fertilizer phosphorus for soil phosphorus. Secondly, in the reaction 
of the acid fertilizer with the soils, especially the Ida soil which 
contained free calcium carbonate, solid-phase soil phosphorus that was 
not normally isotopically exchangeable was dissolved, thereby increasing 
the quantity of soil phosphorus which diluted the tagged fertilizer phos­
phorus. As a result of these two mechanisms, the increase in concen­
tration of phosphorus in solution in the fertilizer-affected soil was 
partly soil phosphorus. 
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SUMMARY AND CONCLUSIONS 
The research reported in this thesis is a continuation of the inves­
tigation of particle-size effects carried out by Bouldin (1956). Bouldin 
found that the efficiency of monobasic sodium phosphate as a source of 
phosphorus for plants was affected by the particle size of the fertilizer. 
Large particles were more efficient than small particles as a source of 
phosphorus on the Lindley, Kansan till, Carrington, Seymour, and Webster 
soils, whereas small fertilizer particles were better on the Ida soil. 
In the present investigation an empirical laboratory method was 
developed to evaluate particle-size effects of the same fertilizer mate­
rial on the same soils. The method is based on Bouldin*s (1956) hypoth­
esis that the availability of fertilizer phosphorus in a large volume 
of soil is the summation of the availabilities of fertilizer phosphorus 
in the hypothetical small volume units of which it is composed. His 
hypothesis may be expressed mathematically as follows : 
where A is the over-all availability of the fertilizer phosphorus, Gj 
is the availability of the fertilizer phosphorus per unit volume of soil, 
and Vj is the volume of soil containing fertilizer phosphorus with an 
availability of G^ per unit volume. The summation is carried out over 
all volumes of soil influenced by fertilizer. 
The same equation was used to obtain an index of availability from 
laboratory measurements. For this purpose the-A was replaced by A1 and 
the Gj by GÎ. The phosphorus absorbed by particles of anion-exchange 
resin, strategically located on the soil surface in relation to the 
n 
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point of fertilizer placement, provided estimates of G[. The values of 
Vf corresponding to the estimates of GÎ for a particular particle-size 
treatment on a particular soil were calculated by using the assumption 
of hemispherical distribution of the phosphorus in the soil around a 
surface-placed fertilizer particle and the knowledge of the location of 
the resin on the soil surface in relation to the point of fertilizer 
placement. Hence, the laboratory method, via the equation above, pro­
vided values of A1 for individual particles of fertilizer of different 
sizes. After adjusting the values of A1 so that they were based on equal 
quantities of phosphorus, the values were comparable among different, 
particle sizes. 
Comparison of the laboratory data with the greenhouse data (Bouldin, 
19$6) showed that the method was of value for predicting qualitatively 
the particle-size effects of monobasic sodium phosphate fertilizer on 
different soils. The laboratory method provided the correct qualitative 
prediction of particle-size effects in 17 out of 18 possibilities. 
Because the one error of prediction was made on the Webster soil, a 
borderline soil with regard to particle-size effects, the significance 
of the error of prediction is not as great as it would have been had the 
error occurred on a nonborderline soil. 
The quantitative agreement of the laboratory and greenhouse data 
was not good. However, the laboratory data showed that overlapping of 
the soil-fertilizer reaction zones of individual fertilizer particles 
must have occurred at the higher fertilization rates with the smaller 
sizes of fertilizer particles. Analysis of the data for the uptake of 
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fertilizer phosphorus by different groups of resin particles which con­
tacted soil containing different concentrations of fertilizer phosphorus 
showed that overlapping of soil-fertilizer reaction zones could alter 
the availability status of the fertilizer phosphorus to a considerable 
extent. Consideration of the estimated extent of overlapping and the 
predicted effects resulting from the overlapping indicated that the poor 
quantitative agreement between the laboratory and greenhouse data could 
be largely explained on the basis of the effects of overlapping on the 
greenhouse data. 
After eliminating the data for the three soils in which overlapping 
appeared to have altered plant response to the different treatments to 
the greatest extent, the correlation between the remaining 27 laboratory 
values for the index of availability of fertilizer phosphorus and the 
corresponding 27 greenhouse values for the uptake of fertilizer phos­
phorus per culture on the Ida, Webster and Seymour soils fertilized with 
three different particle sizes of monobasic sodium phosphate at three 
rates was good (r% « 0.92). When the laboratory values for the 12 to 
lU-mesh particles and 16 to 20-mesh particles of fertilizer were dis­
carded and were replaced by the appropriate values for the 8 to 10-mesh 
particles, thus eliminating the refinement of particle-size consideration 
in the laboratory method, the correlation between the laboratory and 
greenhouse data was reduced (r% = 0.78). 
Although the greenhouse data and laboratory data show that large 
fertilizer particles were better than small fertilizer particles on the 
acid soils studied, they do not provide an explanation as to why the 
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phosphorus from large particles on the acid soils is more available; 
they merely indicate that it is. 
On the other hand, the laboratory data provide at least a partial 
explanation as to why small particles of fertilizer are better than large 
fertilizer particles on the calcareous Ida soil. After a certain weight 
of large particles of monobasic sodium phosphate has reacted with moist­
ened Ida soil, the soil immediately around the original site of each 
particle of fertilizer contains a relatively large quantity of dicalcium 
phosphate dehydrate (identified by X-ray diffraction as a precipitation 
product of this fertilizer on this soil). After an equivalent weight 
of small particles of the same type fertilizer has reacted with moistened 
Ida soil, the soil immediately around the original site of each particle 
contains a relatively small quantity of dicalcium phosphate dehydrate. 
In the soil fertilized with the large particles of fertilizer, the less 
frequent, relatively large deposits of dicalcium phosphate are not as 
efficient as the more frequent, relatively small deposits of dicalcium 
phosphate in the soil fertilized with the small particles in supplying 
phosphorus to the soil solution. The reason for this difference can be 
simply stated. According to the solubility-product principle, a small 
quantity of dicalcium phosphate will support the same concentration of 
phosphorus in solution as will a much larger quantity of dicalcium phos­
phate. Because the many small deposits of dicalcium phosphate contact 
more soil solution than the relatively fewer large deposits, they support 
a greater total quantity of phosphorus in the soil solution. 
Some of the most significant concepts that are brought out by this 
study result from observations indicating (a) the magnitude of the changes 
in phosphorus concentration in the soil over very small distances around 
the site of placement of a fertilizer particle and (b) the relative extent 
of and the effects of overlapping of fertilizer-soil reaction zones in 
the greenhouse study. First, the fact that the concentration of fer­
tilizer phosphorus in the Ida soil around the site of placement of an 
8 to 10-mesh particle varied from 90I1O pounds of phosphorus per acre to 
essentially 0 in a distance of 16,5 mm. shows that the over-all concen­
tration figure derived from the quantity of fertilizer added may not 
provide a correct value for the concentration at a particular location. 
Furthermore, because the conditions which prevail at a particular location 
may be determined to a large extent by the reaction products which move 
into and out of that location, attempts to simulate these conditions in the 
laboratory by addition of enough fertilizer material to a certain amount 
of soil to obtain the desired concentration of phosphorus in the soil may 
yield an improper picture. Second, yield of nutrient curves which are 
sigmoid in shape can in some cases be explained by overlapping of fer-
tilizer-soil reaction zones of individual fertilizer particles. • In these 
cases the overlapping results in increased uptake of fertilizer phos­
phorus. And third, enhanced uptake of soil phosphorus by plants resulting 
from fertilization with monobasic sodium phosphate occurs in fertilizer-
affected soil. Whether or not enhanced uptake occurs also in soil that 
does not contain fertilizer phosphorus is yet to be determined. 
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APPENDIX A: OTHER METHODS FOR EVALUATING PARTICLE-SIZE EFFECTS 
Introduction 
The method for evaluating particle-Size effects that was presented 
in the text of the thesis represents only .a small fraction of the total 
work done on this problem. Most of the work was fruitless except as it 
charted the way. In the following paragraphs some of this work will be 
described briefly. 
Work by Bouldin (1956) indicated that if the volume of soil affected 
by the fertilizer phosphorus from different particle-size treatments 
could be measured, then the relative merit of the different particle 
sizes of fertilizer could be calculated. The determination of particle-
size effects involved several assumptions, some of which were as follows : 
the phosphorus from one fertilizer particle diffuses into a sphere of 
soil, the distribution of the phosphorus from the point of fertilizer 
placement to the edge of the diffusion zone is linear, and the phosphorus 
availability at a particular phosphorus concentration in the soil is 
proportional to the phosphorus extracted in the laboratory by water after 
reaction between soil and enough fertilizer solution to obtain the appro­
priate concentration. 
The first two methods described below were attempts to determine 
the volume of soil affected by different particle sizes of monobasic 
sodium phosphate. 
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Resistance Measurements 
A series of experiments was performed to determine the radius of 
phosphorus diffusion from a monobasic sodium phosphate particle placed 
on the surface of a moistened soil from the measured changes in the elec­
trical resistance on the soil surface. By assuming hemispherical dis­
tribution of the phosphorus in the soil around the point of surface place­
ment of a fertilizer particle, the volume of soil affected could be 
determined provided the radius of diffusion was known. 
The results from these experiments indicated that resistance measure­
ments could not be used to establish the radius of diffusion. Apparently 
the changes in the resistance measurements on the soil surface around 
the point of fertilizer placement were more dependent upon ions other 
than phosphate than upon phosphate itself. These experiments in con­
junction with chemical methods for determining the extent of phosphorus 
diffusion showed that ions other than phosphate affected the soil at 
distances beyond the boundary of phosphorus diffusion. 
Resin Method I 
A definite number of anion-exchange resin particles was mixed with 
a known volume of soil. A quantity of P^-tagged fertilizer solution 
equivalent to a certain particle size of fertilizer was then injected 
into the soil. After a period of time for movement of the phosphorus 
outward into the soil, the resin particles were separated from the soil. 
The fraction of the resin particles found to be radioactive was supposed 
to indicate the fraction of the total volume of the soil that had been 
affected by the fertilizer phosphorus. Although the separation of 
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radioactive from nonradioactive resin particles was thought to be fairly 
accurate, the uniformity of distribution of the resin in the soil did 
not appear to be sufficient to obtain the desired reproducibility of 
measurements. 
Resin Method II 
The second resin method was not designed to determine the volume of 
soil affected by the fertilizer as its first objective. Otherwise, the 
procedure was essentially the same as in the first method. A known 
weight of resin particles (much greater in number than in method I) was 
mixed with a certain weight of soil. Injections of P^-tagged fertilizer 
solution in volumes to supply quantities of phosphorus equivalent to 
those in fertilizer particles of different size were made in the resin-
soil mixtures. The resin-soil mixtures were incubated after this treat­
ment. The radioactivity of the resin and the phosphorus absorbed by the 
resin were determined after separation of the resin from the soil by a 
combination of floating of the resin in a saturated dextrose solution 
and sieving. Both the radioactivity and the phosphorus measurements are 
indications of phosphorus availability. 
The method appeared to have promise. In an effort to improve the 
method, smaller resin particles, a greater weight of resin, and more 
fertilizer injections per mixture of soil and resin were used. The 
results indicated that the desired degree of precision could not be 
attained unless the size of the experiment became unwieldy in terms of 
number of injections and number of resin particles. 
Ill 
Water Extraction Method 
Equal weights of monobasic sodium phosphate of different particle 
sizes were mixed with several samples of soil. The soil samples, each 
containing the same weight of monobasic sodium phosphate, but of a dif­
ferent particle size, were moistened and incubated. 
Phosphorus was determined in an aliquot of the centrifuged super­
natant liquid from the water extraction. The results indicated fairly 
well the qualitative differences in particle-size effects that were 
observed in the greenhouse study (Bouldin, 1956). However, the differ-
• ences in particle-size effects, in general, were smaller than expected 
and were variable. 
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APPENDIX Bî TABLES 
Table 9. Phosphorus uptake by anion-exchange resin, concentration of fertilizer phosphorus in thé 
soil, and concentration of phosphorus in solution at the resin surface in hypothetical 
hemispherical shells of soil around the point on the soil surface at which monobasic 
sodium phosphate solution was placed in quantities to simulate solid particles of dif­
ferent sizes for six soils 
Total P Fertilizer Soil P Concentrât!on 
Hemispherical uptake P uptake uptake of fertilizer P in 
soil shell and Resin in by resin by resin, by resin, P in soil, solution, 
replication shell, mg. jug./rag. jug./mg. Aig./mg. /jg./cm.3 ppm. 
Lindley silt loam, 8-10 mesh (1060 ug. P, rep. 1; 1110 #ig. P, rep. 2; 1080 jig. P, av.) 
X - 1 — « — — 6b5 — 
X - 2 — - — — 631 -
X - av. - - - - 638 -
A - 1 3.8 12.lt 12.7 -0.3 625 5.8 
A - 2 2.8 9.29 8.86 0.b3 610 2.9 
A - av. 3.3 10.8 10.8 0 618 b.l 
B - 1 7.8 3.87 3.70 0.17 b26 0.27 
B - 2 7.5 2.35 2.2lt 0.11 b57 0.08 
B - av. 7.6 3.11 2.97 0.1b bb2 0.17 
C - 1 17.lt l.b9 l.ltO 0.09 320 0.0b 
C - 2 17.2 1.11 1.00 0.11 318 0.03 
C - av. 17.3 1.30 1.20 0.10 319 0.0b 
D - 1 31.6 0.356 0.285 . 0.071 15b 0.02 
0 - 2  32.lt 0.213 0.27b -0.061 177 0.01 
D - av. 32.0 0.28b 0.280 0.00b 166 0.01 
E - 1 U8.8 0.032 0.005 0.027 39.b trace 
E - 2 U9.0 0.0U0 0.007 0.033 35.5 trace 
E - av. hB .9 0.036 0.006 0.030 37.b trace 
F - 1 7b. 8 0.025 trace 0.025 . 12.2 trace 
F - 2 67.9 0.021 trace 0.021 11.5 trace 
F - av. 71.lt 0.023 trace 0.023 11.8 trace 
% refers to the point of injection and A through F to hemispherical soil shells proceeding 
outward from X (Figure 2), 1 - replicate 1, 2 = replicate 2, and av. = mean of replicates 1 and 2. 
^Obtained from values in column 3 of this table by interpolation in Figure 1. 
Table 9. (Continued) 
\ Total P Fertilizer Soil P Concentration 
Hemispherical uptake P uptake uptake of fertilizer P in 
soil shell and Resin in by resin by resin, by resin, P in soil, solution, 
replication shell, mg. jug./mg. Atg./mg. Aig./mg. #ig./ca,3 ppm. 
Lindley silt loam, 12-lU mesh (302 jug . P, rep. 1}  305 fig. P, rep . 2; 30U yug. P, av. ) 
X - 1 k l2  
X - 2 _ — — — Uoo -
X - av. - - - - U36 -
A - 1 3.0 2.57 2.U6 0.11 h39 1.0 
A - 2 3.0 1.68 1.66 0.02 373 0.05 
A - av. 3.0 2.12 2.06 0.06 U06 0.06 
B - 1 11.3 0.653 0.618 0.035 276 0.3 
B - 2 9.9 0.608 0.520 0.088 2U8 0.02 
B - av. 10.6 0.630 0.569 0.061 262 0.02 . 
C - 1 21.8 0.179 0.128 0.051 121 0.01 
C - 2 21.1 0.173 0.137 0.036 115 0.01 
C - av. 21.U 0.176 0.132 o.ohh . 118 0.01 
D - 1 U0.7 0.025 0.001 0.02b 13 .u trace 
0 - 2  lt0.2 0.020 0.001 0.019 16. U trace 
D - av. Uo.U 0.022 0.001 0.021 lb. 9 trace 
E - 1 65.6 0.022 trace 0.022 U.30 trace 
E - 2 61.2 0.017 trace 0.017 7.90 trace 
E - av. 63. h 0.020 trace 0.020 6.10 trace 
Table 9» (Continued) 
Total P Fertilizer 
Hemispherical uptake P uptake 
soil shell and Resin in by resin by resin, 
replication shell, mg. wg./mg. /ig./mg. 
Lindley silt loam, 16-20 mesh (9b.8 yug. P, rei 
X - 1 
X - 2 - - -
X - av. - - — 
A - 1 3.9 1.15 1.13 
A - 2 2.8 0.611 0.563 
A - av. 3.U 0.880 O.8I46 
B - 1 9.9 0.253 0.183 
B - 2 9.5 0.221 0.17.7 
B - av. 9.7 0.237 0.180 
C - 1 22.9 0.030 D.oob 
C - 2 21. b 0.038 0.006 
C - av. 22.2 0.03b 0.005 
D - 1 38.6 0.032 trace 
D - 2 35.6 0.031 0.001 
D - av. 37.1 0.032 0.001 
Soil P Concentration 
uptake of fertilizer P in 
by resin, P in soil, solution 
Aig./mg. ;ug./cm.3 ppm. 
97.8 Aig. P, rep. 2j 96.3 *ig. P, av.) 
232 
227 -
230 
0.02 230 0.0b 
0.0U8 2Ul 0.02 
0.03b 236 ; 0.03 
0.070 12b 0.01 
O.Obb 110 0.01 
0.057 117 o.oi 
0.026 18.U trace 
0.032 23.8 trace 
0.029 21.1 trace 
0.032 7.10 trace 
0.030 7.10 trace 
0.031 7.10 trace 
Table 9. (Continued) 
Total P Fertilizer Soil P Concentrât!on 
Hemispherical uptake P uptake uptake of fertilizer P in 
soil shell and Resin in by resin by resin, by resin, P in soil, . solution, 
replication shell, mg. jug./mg. jug./mg. jug ./mg. /ig./cm.3 ppm. 
Kansan till, 8-10 mesh (1060 /tig. P, rep. 1; 1110/ig. P, rep. 2; 1080/ug. P, av.) 
X - 1 - — - - 990 — 
X - 2 - — - — 683 — 
X - av. - — - — 836 — 
A - 1 2.1 30.2 28.8 1.4 992 43. 
A - 2 2.5 24.0 23.5 0.5 731 25.7 
A - av. 2.4 27.1 26.2 0.9 862 34.2 
B - 1 7.5 lb.2 14.2 0 825 8.1 
B - 2 7.3 10.4 10.2 0.2 611 3.8 
B - av. 7.4 12.3 12.2 0.1 718 5.8 
C - 1 17.9 2.12 . 2.07 0.05 402 0.06 
C - 2 16.2 1.69 1.80 -0.11 418 0.05 
C - av. 17.0 1.90 1.94 -0.04 410 0.05 
D - 1 30.lt 0.035 0.023 0.012 93.0 trace 
D - 2 30.4 0.029 0.031 -0.002 125 trace 
D - av. 30.lt 0.032 0.027 0.005 109 trace 
E - 1 ltB.l 0.006 trace 0.006 12.6 ,trace 
E - 2 45.6 0.005 trace 0.005 19.9 trace 
E - av. 46.8 0.006 trace 0.006 16.2 trace 
F - 1 66.2 0 0 .0 4.30 0 
F - 2 68.7 0.003 0 0.003 8.70 trace 
F - av. 67.lt 0.002 0 0.002 6.50 trace 
Table 9» (Continued) 
Total P Fertilizer Soil P Concentrâtion 
Hemispherical uptake P uptake uptake of fertilizer P in 
soil shell and Resin in by resin by resin, by resin, P in soil, solution 
replication shell, mg. ug./mg. yug./mg. /jg./mg. yug./cm.3 ppm. 
Kansan till, 12-lU mesh (302 /ug. P, rep. 1; 305 jig. P, rep. 2;  304 ;ug. P, av.) 
X - 1 — — — — 782 
X - 2 « - •* — 439 — 
X - av. - - - — 610 
A - 1 3.9 14.7 14.5 0.2 747 8.7 
A - 2 2.9 14.3 13.4 0.9 429 8.2 
A - av. 3.U 14.5 14.0 0.5 588 8.4 
B - 1 10.0 2.56 2.46 0.10 461 0.10 
B - 2 9.U 2.41 2.42 . -0.01 316 0.09 . 
B - av. 9.7 2.48 2.44 o.o4 385 0.09 
C - 1 26.2 0.024 .017 0.007 63.8 trace 
C - 2 22.3 0.018 .021 -0.003 86.0 trace 
C - av. 24.2 0.021 0.019 0.002 74.9 trace 
D - 1 41.4 0.007 0 0.007 3.60 trace 
0 - 2  39.3 0.024 trace 0.024 12.0 trace 
D - av. 40.4 0.016 trace 0.016 7.80 trace 
E - 1 63.2 0.010 trace 0.010 2.55 trace 
E - 2 58.9 0.006 0 0.006 11.0 trace 
E - av. 61.0 0.008 trace 0.008. 6.78 trace 
Table 9. (Continued) 
Total P Fertilizer Soil P Concentration. 
Hemispherical uptake P uptake uptake of fertilizer P in 
soil shell and Resin in by resin by resin, by resin, P in soil, solution 
replication shell, mg. Mg./mg. Aig./mg. wg./mg. yug./cm.3 ppm. 
Kansan till, 16-20 mesh (94.8 #og. P, rep. lj 97.8 >ug. P, rep. 2j 96.3 /ig. P, av.) 
X - 1 • — • — 386 
X - 2 - - - 347 •-
X — av. - - •* - 366 -
A - 1 4.3 4.84 4.88 -o.o4 346 0.52 
A - 2 2.5 3.49 3.88 -0.39 344 0.21 
A - av. 3.4 4.16 4.38 -0.22 345 0.34 
B - 1 10.1 0.259 0.237 0.022 144 0.01 
B - 2 9.3 0.252 0.247 0.005 141 0.01 
B - av. 9.7 0.256 0.242 0.014 142 0.01 
C • 1 22.1 0.013 0.001 0.012 9.58 trace 
C - 2 21.0 0.007 0 0.007 6.60 trace 
C - av. 21.6 0.010 trace 0.010 8.09 trace 
D - 1 39.9 0.005 trace 0.005 4.86 trace 
D - 2 3,8.2 o.oo5 0 0.005 . 7.4o trace 
D - av. 39.0 o.oo5 trace o.oo5 6.13 trace 
Table 9. (Continued) 
Hemispherical 
soil shell and 
replication 
Resin in 
shell, mg. 
Total P 
uptake 
by resin 
AJg./mg. 
Fertilizer 
P uptake 
by resin, 
Mg./mg. 
Soil P 
uptake 
by resin, 
Aig./mg. 
Concentration 
of fertilizer 
P in soil, 
jug./ cm. 
P in 
solution, 
ppm. 
Carrington loam, 8-10 mesh (1060 jug • P, rep. 1; 1110 yug. P, rep. 2; 1080 jug. P, av. ) 
X - 1 * 1640 _ 
X - 2 - — • - 1410 -
X - av. - - — - 1520 -
A - 1 2.7 8.93 8.95 -0.02 1450 2.7 
A - 2 2.5 3.84 3.62 0.22 1220 0.27 
A - av. 2.6 6.38 6.28 0.10 1340 1.5 
B - 1 7.8 3.90 3.84 0.06 629 0.29 
B - 2 7.3 1.67 1.47 0.20 585 0.05 
B - av. 7.6 2.78 2.66 0.12 607 0.12 
C - 1 17.8 1.27 1.22 0.05 319 0.04 
C - 2 16.1 0.670 0.738 -0.068 316 ' 0.02 
C - av. 17.0 0.970 0.979 -0.009 318 0.03 
D - 1 31.6 0.192 0.028 0.164 139 0.01 
0 - 2  29.8 0.242 0.194 0.048 120 0.01 
D - av. 30.7 0.217 0.111 0.106 130 0.01 
E - 1 48.4 0.018 trace 0.018 20.1 trace 
E - 2 45.6 0.024 0.087 -O.O63 39.1 trace 
E - av. 47.0 0.021 0.044 -O.O23 29.6 trace 
F - 1 70.3 0.006 0.002 0.004 7.20 trace 
F - 2 69.2 0.015 trace 0.015 15.9 trace 
F - av. 69.8 0.010 0.001 0.009 11.6 trace 
Table 9. (Continued) 
Hemispherical 
soil shell and 
replication 
Resin in 
shell, mg. 
Total P 
uptake 
by resin 
jug./rag. 
Fertilizer Soil P 
P uptake uptake 
by resin, by resin, 
/ig./rag. /ag./mg. 
Concentrât! on 
of fertilizer 
P in soil, 
/og./cm.3 
P in 
solution, 
ppm. 
Carrington loam, 12-14 mesh (302 jug. P, rep. 1; 305 Mg. P, rep. 2j 304 jug. P, av. ) 
X - 1 _ 907 » 
X - 2 - — - — 644 • 
X - av. - - — 776 • 
A - 1 2.5 2.92 2.65 0.27 726 0.14 
A - 2 2.6 1.02 0.928 0.092 517 0.03 
A - av. 2.6 1.97 1.79 0.18 622 0.05 
B - 1 10.0 0.912 0.890 0.022 323 0.13 
B - 2 9.5 0.585 0.358 0.227 251 0.02 
B - av. 9.8 • 0.748 0.624 0.124 287 0.02 
C - 1 22.3 0.152 0.123 0.029 120 0.01 
C - 2 23.5 0.139 0.106 0.033 113 0.01 
C - av. 22.9 0.146 0.114 0.032 116 0.01 
D - 1 40.8 0.015 trace 0.015 0.65 trace 
D - 2 39.6 0.022 0.006 0.016 19.8 trace 
D - av. 40.2 0.018 0.003 0.015 10.2 trace 
E - 1 63.4 0.012 0 0.012 2.40 trace 
E - 2 61.2 0.014 0.001 0.013 3.80 trace 
E - av. 62.3 0.013 trace 0.013 3.10 trace 
Table 9. (Continued) 
Total P Fertilizer Soil P Concentrâti on 
Hemispherical uptake P uptake uptake of fertilizer P in 
soil shell and Resin in by resin by resin, by resin, P in soil, solution, 
replication shell, mg. jug./mg. jug./mg. jog ./rag. jug./cm.3 ppm. 
Carrington loam, 16-20 mesh (94.8 jug. P, rep. lj 97.8 jug. P, rep. 2; 96.3 /Jg. P, av.) 
X - 1 - - - - 643 — 
X - 2 - - — - 325 -
X - av. - - - - 484 - -
A - 1 3.7 0.910 0.890 0.020 415 0.03 
A - 2 2.7 0.467 0.408 0.059 230 0.02 
A - av. 3.2 0.688 0.649 0.039 322 0.02 
B - 1 10.4 0.126 0.119 0.007 144 0.01 
B - 2 9.4 0.182 0.137 0.045 114 0.01 
B - av. 9.9 0.154 0.128 0.026 129 0.01 
C - 1 24.1 0.022 0.002 0.020 8.29 trace 
C - 2 20.7 0.032 0.008 0.024 17.9 trace 
C - av. 22.4 0.027 0.005 0.022 13.1 trace 
D - 1 39.1 0.012 0 0.012 3.73 trace 
D - 2 36.3 0.016 0.001 0.015 9.70 trace 
D - av. 37.7 0.014 trace 0.014 6.72 trace 
Table 9. (Continued) 
Total P Fertilizer Soil P Concentration 
Hemispherical uptake P uptake uptake of fertilizer P in 
soil shell and Resin in by resin by resin, by resin, P in soil, solution, 
replication shell, mg. jug./mg. jog„/mg. jug./mg. jug./cm.3 ppm. 
Seymour silt loam, 8-10 mesh (1060 jug. P, rep. lj 1110 jag. P, rep. 2 }  1080 jug. P, av.) 
X - 1 „ _ _ 1730 
X - 2 - - - - 966 -
X - av. - - ' - - 1350 — 
A - 1 3.3 18.9 17.5 1.4 1760 15. 
A - 2 2.4 15.8 14.3 1.5 914 9.7 
A - av. 2.8 17.4 15.9 1.5 1340 12.8 
B - 1 7.3 10.7 10.6 0.1 870 4.0 
B - 2 7.9 ' 9.75 8.81 0.94 579 3.2 
B - av. 7.6 10.2 9.70 o.5o 724 3.6 
C - l 16.8 3.85 3.58 0.27 368 0.28 
C - 2 16.6 4.59 4.05 0.54 310 0.47 
C - av. 16.7 4.22 3.82 o.4o 339 0.35 
0 - 1  29.4 0.294 0.243 0.051 92.0 0.01 
Q - 2 30.3 0.642 0.556 0.086 150 0.02 
D - av. 29.8 0.468 0.400 0.068 121 0.02 
E - 1 45.1 0.014 0.001 0.013 8.49 trace 
£ - 2 47.4 0.011 0.001 0.010 26.0 trace 
£ - av. 46.2 0.012 0.001 0.011 17.2 trace 
F - 1 71.6 0.008 trace 0.008 2.65 trace 
F - 2 66.2 0.008 trace 0.008 17.4 trace 
F  -  av. 68.9 0.008 trace 0.008 10.0 trace 
Table 9. (Continued) 
Total P Fertilizer 
Hemispherical uptake P uptake 
soil shell and Resin in by resin by resin, 
replication shell, mg. jug./mg. yg./mg. 
Seymour silt loam, 
X - 1 -
X - 2 -
X - av. -
A - 1 3.0 
A - 2 2.8 
A - av. 2.9 
B - 1 9.5 
B - 2 9.7 
B - av. 9.6 
C - 1 22.5 
C - 2 22.3 
C - av. 22. k 
D - 1 39.7 
D - 2 39.2 
D - av. 39.it 
E - 1 6U.3 
E - 2 59.6 
E - av. 62.0 
•1U mesh (302 jug. P, rep. 1 
11.2 10.9 
10.7 9.8k 
11.0 10. U 
U.63 U.Û8 
U.50 U.oU 
U.56 U.26 
0.311 0.256 
0.U22 0.37b 
0.366 0.315 
0;010 trace 
0.009 0,001 
0.010 0.001 
0.01U trace 
0.007 trace 
0.010 trace 
P in 
solution, 
ppm. 
305 Jug. P, rep. 2; 301; pg. P, av.) 
821 
69U 
?ro 
0.3 682 U.5 
0.86 5*58 U.l 
0.6 620 U.3 
0.15 .. 325 0.U6 
0.U6 266 O.Ul 
0.30 296 0.W1 
0.055 86.7 0.01 
0.0U8 95.6 0.02 
0.051 91.2 0.02 
0.010 9.93 trace 
0.008 10.6 trace 
0.009 10.3 trace 
0.01U 7.6U trace 
0.007 12.5 trace 
0.010 10.1 trace 
Soil P Concentration 
uptake of fertilizer 
by resin, P in soil, 
jug ./rag. jug./cm.3 
Table 9. (Continued) 
Total P Fertilizer Soil P Concentration " 
Hemispherical uptake P uptake uptake of fertilizer P in 
soil shell and Resin in by resin by resin, by resin, P in soil, solution, 
replication shell, mg. jug./mg. jug./mg. jug./mg. jug./cm.3 ppm. 
Seymour silt loam, 16-20 mesh (9U.8 jug. P, rep. 1; 97.8 jug. P, rep. 2; 96.3 pg. P, av.) 
X - 1 _ 265 
X - 2 - - - - 38 9 
X - av. - mm — 327 — 
A - 1 3.8 6.8U 6.5U 0.30 197 1.2U 
A - 2 2.6 6.06 5.U6 0.60 326 1.1 
A - av. 3.3 6.U5 6.00 0.U5 262 1.9 
B - 1 IO.U 1.13 1.08 o.o5 93.2 0.03 
B - 2 9.1 0.75U 0.870 -0.116 133 0.03 
B - av. 9.8 0.9U2 0.975 -0.033 113 0.03 
C - 1 22.9 0.017 0.001 0.016 32.U trace 
C - 2 20. k 0.025 0.001 0.02U 16.9 trace 
C - av. 21.6 0.021 0.001 0.020 2U.6 trace 
D - 1 38.6 0.012 0 0.012 6.U5 trace 
D - 2 36.8 0.006 0 0.006 U.io trace 
Q - av. 37.7 0.009 0 0.009 5.28 trace 
Table 9. (Continued) 
Total P Fertilizer Soil P Concentration 
Hemispherical uptake P uptake uptake of fertilizer P in 
soil shell and Resin in by resin by resin, by resin, P in soil, solution, 
replication shell, mg. yug./mg. Aig./mg. yg./mg. iug./cm.3 ppm. 
Webster silty clay loam, 8-10 mesh (lOôOjug. P, rep. 1; 1110 jug. P, rep. 2; 1080 /ig. P, av.) 
X - 1 - - - - ' 1790 — 
X - 2 - mm - - 1U00 — 
X - av. - — 1600 — 
A - 1 3.2 13.5 13.3 0.2 2100 7.2 
A - 2 2.5 19.2 13.8 5.4 1530 15.8 
A - av. 2.8 l6.lt 13.6 2.8 1820 11.2 
B - 1 7.1 11.5 11.1 0.4 86U 4.9 
B - 2 8.0 10.9 9.76 1.1U 682 4.2 
B - av. 7.6 11.2 îo.U 0.8 773 4.5 
C - 1 16.5 6.13 5.70 0.43 282 1.2 
C - 2 25.1 4.67 4.08 0.59 311 0.47 
C - av. 20.8 5.U0 4.89 0.51 296 0.68 
D - 1 29.9 1.21 1.02 0.19 102 0.04 
D - 2 29.7 1.U0 1.16 0.2U 100 0.04 
D - av. 29.8 1.30 1.09 0.21 101 0.04 
E - 1 46.5 0.124 0.0U6 0.078 20.7 0.01 
B — 2 U5.3 0.106 0.036 0.070 31.3 0.01 
B - av. 45.9 0.115 0.041 0.07U 26 0.01 
F - 1 . 70.7 0.049 0 0.049 5.00 trace 
F - 2 66.7 0.030 trace 0.030 19.4 trace 
F - av. 68.7 o.o4o trace 0.0U0 12.2 trace 
Table 9. (Continued) 
Total P Fertilizer 
Hemispherical uptake P uptake 
soil shell and Resin in by resin by resin, 
replication shell, rag. jug./mg. jug./mg. 
Webster silty clay loam, 12-lU mesh (302 jug. P, rep 
X - 1 - -
X - 2 - - -
X - av. - — -
A - 1 2.5 12.2 12.8 
A — 2 2.6 11.5 10.3 
A - av. 2.6 11.8 11.6 
B - 1 9.8 6.01 5.68 
B - 2 9.9 6.52 6.09 
B - av. 9.8 6.26 5.88 
C - 1 21.7 1.05 0.900 
C - 2 22.7 1.14 0.934 
C - av. 22.2 1.10 0.917 
D - 1 38.1 0.108 0.036 
D - 2 39.7 0.127 0.022 
D - av. 38.9 0.118 0.029 
E - 1 62.8 0.045 0.001 
E - 2 62.0 0.037 trace 
E - av. 62.4 0.041 0.001 
Soil P Concentration 
uptake of fertilizer P in 
by. resin, P in soil, solution, 
pg./mg. jug./cm.3 ppm. 
1; 305 Mg. P, rep. 2;  304 jug. P, av.) 
939 
llUo 
— îoûo — 
—0.6 621 5*6 
1.2 910 4.9 
0.2 766 5.2 
0,33 185 0.90 
0.43 275 . 1.1 
0.38 230 1.0 
0.150 58.7 0.03 
0.206 83.9 0.03 . 
0.183 71.3 0.03 
0.072 30.1 0.01 
0.105 14.1 0.01 
0.089 22.1 0.01 
0.044 20.7 trace 
0.037 7.20 trace 
0.040 14.0 trace 
Table 9. (Continued) 
Total P Fertilizer Soil P Concentration 
Hemispherical uptake P uptake uptake of fertilizer P in 
soil shell and Resin in by resin by resin, by resin, P in soil, solution, 
replication shell, mg. ug./mg. HQ./tag. Aig./mg. Aig./cm.3 • ppm. 
Webster silty clay loam, 16-20 mesh (9b.8 jug. P, rep. 1; 97.8 jug. P, rep. 2; 96.3 jug. P, av.) 
X - 1 - - - - 528 
X - 2 w - - - 471 -
X - av. - - - — 500 -
A - 1 U.o 9.06 7.81 1.25 359 3.1 
A - 2 3.1 8.19 7.71 o.48 597 2.1 
A - av. 3.6 8.62 7.76 0.86 478 2.4 
B - 1 10.2 1.78 1.64 0.14 79.1 0.05 
B - 2 9.3 2.05 1.67 0.38 73.0 0.06 
B - av. 9.8 1.92 1.66 0.26 76.0 0.06 
C - 1 21.9 0.162 0.075 0.087 26.0 0.01 
C - 2 20.5 0.133 0.060 0.073 20.3 0.01 
C - av. 21.2 0.148 0.068 0.080 23.2 0.01 
D - 1 Ui.o 0.046 0.001 0.045 7.90 trace 
D - 2 43.7 0.032 0.001 0.031 6.40 trace 
0 - av. 42.4 0.039 0.001 0.038 7.15 trace 
\ 
Table 9. (Continued) 
Total P Fertilizer Soil P Concentration 
Hemispherical uptake P uptake uptake of fertilizer P in 
soil shell and Resin in by resin by resin, by resin, P in soil, solution, 
replication shell, mg. jjg./mg. jug./mg. jug./mg. jng./cm.3 ppm. 
Ida silt loam, 8-10 mesh (1060 jug. P, rep. 1; 1110 yug. P, rep. 2; 1080 jug. P, av. ) 
X - 1 w 4500 
X - 2 - - - — 4550 -
X - av. - » ' — - 4520 
A - 1 2.9 17.4 17.4 0. 4330 13. 
A - 2 2.3 16.7 16.0 0.7 4210 11.7 
A - av. 2.6 17.0 16.7 0.3 4270 12.2 
B - 1 7.0 13.1 12.4 0.7 1040 6.7 
B - 2 7.8 15.3 14.4 0.9 757 9.8 
B - av. 7.4 14.2 13.4 0.8 898 8.1 
C - l 16.1 5.23 5.07 0.16 156 0*80 
C - 2 17.3 6.47 6.05 0.42 180 1.7 
C - av. 16.7 5.85 5.56 0.29 168 0.85 
D - 1 28.2 0.926 0.891 0.035 55.4 0.03 
0 - 2  29.2 1.13 1.07 0.06 72.5 0.03 
D - av. 28.7 1.03 0.980 0.050 64.0 0.03 
E - 1 47.6 0.057 0.035 0.022 30.5 trace 
E - 2 46.0 0.045 0.026 0.019 45.5 trace 
E - av. 46.8 0.051 0.030 0.021 38.0 trace 
F - 1 70.1 0.018 trace 0.018 6.40 trace 
F - 2 66.0 0.23 0.001 0.022 13.2 trace 
F - av. 68.0 0.020 0.001 0.019 9.8 trace 
Table 9. (Continued) 
Total P Fertilizer Soil P Concentrâtion 
Hemispherical uptake P uptake uptake of fertilizer P in 
soil shell and Resin in by resin by resin, by resin, P in soil, solution, 
replication shell, rag. Ajg./mg. jug ./rag. jug ./rag. jug./cm. 3 ppm. 
Ida silt loam, 12-lb mesh (302 jug. P, rep. 1; 305 jug. P, rep. 2; 30b jug. P, av. ) 
X - 1 — — - - 2b5o 
X - 2 - — - - 2870 — 
X - av. - — - - 2660 — 
A - 1 3.b 1U.7 Hub 0.3 1980 8.7 
A - 2 2.7 15.2 lb. 9 0.3 2030 9.6 
A - av. 3.0 15.0 lb.6 o.b 2000 9.1 
B - 1 9.6 6.88, 6.51 0.37 270 l.b 
B - 2 9.5 9.57 8.0b 1.53 17b 3.1 
B - av. 9.6 8.22 7.28 0.9b 222 2.2 
C - 1 21.7 1.09 1.0b 0.05 bl.6 0.03 
C - 2 22.1 1.30 1.31 —0.01 b5.l o.ob 
C - av. 21.9 1.20 1.18 0.02 b3.b o.ob 
Q - 1 38.3 0.060 o.ob6 0.01b lb.b trace 
0 - 2  37.7 0.103 0.069 0.03b 16.5 0.01 
0 - av. 38.0 0.082 0.058 0.02b 15.b trace 
E - 1 61.8 0.018 trace 0.018 3.86 trace 
E - 2 58.0 0.021 0.001 0.020 11.2 trace 
E - av. 59.9 0.020 0.001 0.019 7.53 trace 
Table 9. (Continued) 
Hemispherical 
soil shell and 
replication 
Resin in 
shell, mg. 
Total P 
uptake 
by resin 
Aig./mg. 
Fertilizer 
P uptake 
by resin, 
/ig./mg. 
Soil P 
uptake 
by resin, 
jug./mg. 
Concentrâti on 
of fertilizer 
P in soil, 
jjg./cm.3 
P in 
solution, 
ppm. 
Ida silt loam, 16-20 mesh (9U.8 pg. P, rep. 1} 97 .8 jug. P, rep. 2j 96.3 Mg. P, av.) 
X - 1 „ _ 1010 — 
X - 2 - - - - 1090 — 
X - av. - - - - 1050 -
A - 1 3.9 9.15 8.75 0.U0 516 2.8 
A - 2 2.U 11.8 12.3 —0.5 5o6 5.2 
A - av. 3.2 10.5 10.5 0 511 3.9 
B - 1 10.2 2.27 2.27 0 62.3 0.07 
B - 2 9.3 2.69 2.60 0.09 70.3 1.1 
B - av. 9.8 2.U8 2.41* 0.0U 66.3 0.09 
C - 1 22.0 0.173 0.152 0.021 19.lt 0.01 
C - 2 20.2 0.206 O.I92 0.01U 28.5 0.01 
C - av. 21.1 0.190 0.172 0.018 2U.0 0.01 
D - 1 39.2 0.033 0.001 0.032 10.2 trace 
D - 2 39.5 0.013 0.002 0.011 5.10 trace 
D - av. 39.U 0.023 0.002 0.021 7.65 trace 
Table 10. Yields of dry matter, total phosphorus, and true fertilizer phosphorus in oats on six 
soils with different quantities and particle sizes of monobasic sodium phosphatea 
Phosphorus Webster 
Particle added Ida silty Seymour Lindley 
size, per culture, silt clay silt Kansan Carrington silt 
mesh mg. loam loam loam till loam loam 
Yield of dry matter per culture, g. 
w 0 2.19 2.86 2.00 1.93 2.65 2.77 
28 - 32 15 4.38 4.54 2.76 3.09 3.63 3.45 
28 - 32 30 4.99 4.75 3.58 3.66 4.38 3.84 
28 - 32 45 5.08 5.00 4.21 4.38 4.78 4.36 
16 - 20 15 4.59 4.35 3.10 3.25 3.84 3.67 
16 - 20 30 4.80 4.79 3.71 3.96 4.37 4.17 
16 - 20 45 5.05 4.78 4.44 4.54 4.79 4.37 
12 - Ik 15 4.37 4.28 3.25 3.67 4.12 3.54 
12 - Ik 30 5.14 . 4.84 4.23 4.21 4.52 4.33 
12 - 14 45 4.79 4.86 4.78 4.46 4.89 4.46 
8 -10 15 4.30 4.29 3.65 3.68 3.92 3.53 
8 - 10 30 4.53 4.45 4.49 4.44 4.57 4.12 
8 -10 45 4.94 4.87 4.98 4.67 4.73 4.36 
®Data from Bouldin (1956) 
Table 10. (Continued) 
Phosphorus Webster 
Particle added Ida silty Seymour Lindley 
size, per culture, silt clay silt Kansan Carrington silt 
mesh mg. loam loam loam till loam loam 
Yield of total phosphorus per culture, mg. 
• 0 1.65 2.92 1.62 1.36 2.78 3.72 
28 •» 32 15 6.06 6.11 2.85 3.k7 k.29 5.38 
28 - 32 30 10.8 10.2 It. 07 5.78 6.03 7.k2 
28 — 32 U5 15.8 13.6 5.01 8.70 7.83 9.27 
16 - 20 , 15 6.66 6.26 3.17 3.82 k.k9 5.85 
16 - 20 30 10.3 10.2 It.29 5.72 6.0k 8.00 
16 — 20 lt5 l5.lt 13.8 5.62 B.k7 8.28 9.66 
12 - lk 15 5.97 6.82 3.38. k.52 5.13 5.71 
12 - 1U 30 10.0 10.3 U.8U 6.95 7.13 8.29 
12 - lit lt5. 12.8 13.6 6.10 B.kk 9.28 10.9 
8 - 10 15 5.55 7.18 3.63 k.76 5.01 5.89 
8 - 10 30 8.30 9.kk 6.05 7.67 7.55 8.k2 
8 
-
10 U5 11.0 13.9 7.36 9.86 9.60 10.3 
Yield of true fertilizer phosphorus per culture, mg. 
28 
_ 0 0 0 0 0 0 0 
- 32 15 3.70 1.92 0.83 1.8k 1.09 1.36 
28 - 32 30 8.02 It. 92 1.63 k.oi 2.37 2.59 
28 — 32 U5 12.6 7.70 2.35 6.81 3.60 k.2k 
16 — 20 15 It. 22 2.22 1.18 2.26 1.30 1.76 
16 - 20 30 7.77 5.07 2.11 k.07 2.53 3.33 
16 - 20 lt5 ^2.5 7.95 3.12 6.53 k.26 k.53 
12 - lit 15 3.91 2.76 1.37 2.71 1.85 1.90 
12 - lit 30 7.U6 5.6k 2.63 5.17 3.62 3.70 
12 - Ht it5 10.1 8.03 3.73 6.59 5.07 5.59 8 - 10 15 3.53 3.30 1.7k 3.13 2.11 2.05 
8 - 10 30 6.18 5.15 3.8k 5.87 k.09 k.18 
8 
- 10 U5 8.55 8.61 k.83 7.82 5.76 5.65 
Table 11. Radioactivity of circular areas, 1.3 mm. in diameter, on three soils along radiais on 
the soil surface and on a vertical cross section through the point of surface place­
ment of a simulated particle of P^^-tagged monobasic sodium phosphate 
Counts per minute 
Distance from Left 
Right U5° 
Right 
point of fertilizer surface Left U5° Vertical surface 
Soil placement, mm. radial radial radial radial radial 
Ida silt loam 1.5 1225 9U2 930 926 1089 
U.5 U28 158 178 U37 U57 
7.5 U9.6 52.8 57.5 22.5 Ul.6 
io.5 1.6 3U.8 11.1 18.8 lU.6 
13.5 8.3 3.1 5.1 2.5 5.0 
16.5 0 2.8 9.1 5 U.o 
Seymour silt loam 1.5 237 196 153 175 225 
U.5 1U2 155 11U ill 139 
7.5 8o.5 8 3.9 86.U 55.9 66.9 
io.5 27.9 11.6 20.9 7.6 39.3 
13.5 7.5 15.9 U3.1 3.2 6.3 
16.5 6.7 l5»6 . 15.9 1.2 0 
Lindley silt loam 1.5 70.7 U8.6 55.6 52.3 61.u 
U.5 30.7 . 35.3 UU.9 50.0 32.1 
7.5 10.U U.3 15.0 10.0 9.1 
10.5 0 7.6 6.0 0 5.U 
13.5 2.1 U.3 7.0 0 U.l 
16.5 5.1 0.3 0.0 0.6 0 
Table 12. Fertilizer phosphorus in hypothetical hemispherical shells of soil around the point of 
surface placement of simulated particles of P^ -tagged monobasic sodium phosphate of 
different sizes 
Particle-size Total fertilizer phosphorus in shell, *ig« 
treatment, Soil Lindley Kansan Carrington Seymour Webster silty Ida 
mesh shell silt loam till loam silt loam clay loam silt loam 
00
 
I o
 
A 3U.9 1*8.7 75.7 75.7 103 21*1 
B 175 281* 21*0 286 306 355 
C 3U3 1*1*1 3U2 361* 318 180 
D 3W* 226 270 251 209 133 
E 129 55.9 102 • 59.3 89.7 131 
F 60.7 33. k 59.7 51.5 62.8 50.1* 
Total 1086.6 1089.0 1089.U 1087.5 1088.5 1090.1* 
12 - 1L A 23.5 33.2 35.1 35.0 1*3.3 113 
B 10l* 152 111* 117 91.0 87.9 
C 127 80.5 125 98.0 76.6 • 1*6.6 
D 30.9 16.2 21.2 21.1* 1*5.8 31.9 
E 21.0 23.lt 10.7 31*. 8 U8.3 26.0 
Total 306.L 305.3 306.0 306.2 305.0 305.1* 
16 - 20 A 13.3 19.5 18.2 11*. 8 27.0 28.9 
B 1*6.3 56.2 51.1' 1*1*.7 30.1 26.2 
C 22.7 9.6 ll*.l 26.lt 21*. 9 25.8 
D 111. 7 12.7 13.9 11.0 11*. 8 15.9 
Total 97.0 98.0 97.3 96.9 96.7 96.8 
Table 13. Uptake of soil phosphorus by anion-exchange resin from control soil and from hypothetical 
hemispherical shells of soil around the point of surface placement of simulated particles 
of monobasic sodium phosphate of different sizes 
Particle-size 
treatment, 
mesh 
Soil shell 
or control 
jug. soil P/mg. resin 
Lindley 
silt loam 
Kansan 
till 
Carrington 
loam 
Seymour 
silt loam 
Webster silty 
clay loam 
Ida 
silt loam 
None Control 0.020 0.006 0.01k 0.010 0.030 0.018 
0
 
fH 1 0
0 
A 0 0.9 0.10 1.5 2.8 0.3 
B O.Ik 0.1 0.12 0.50 0.8 0.8 
C 0.10 -o.oka -0.009 o.ko 0.51 0.29 
D o.ook 0.005 0.106 0.068 0.21 0.05 
E 0.030 0.006 -0.023 0.011 0.07k 0.021 
F 0.023 0.002 0.009 0.008 o.oko 0.019 
12 - 11+ A 0.06 0.5 0.18 o.6o 0.2 o.k 
B 0.061 o.ok 0.12k 0.30 0.38 0.9k C o.okk 0.002 0.032 0.051 0.183 0.02 
D 0.021 0.016 0.015 0.009 0.089 0.02k 
B 0.020 0.008 0.013 0.010 O.OkO 0.019 
16-20 A 0.03k -0.22 0.039 o.k5 0.86 0 
B 0.057 o.oik 0.026 -0.033 0.26 o.ok C 0.029 0.010 0.022 0.020 0.080 0.018 
D 0.031 0.005 0.01k 0.009 0.038 0.021 
^Negative values are probably the result of experimental error. 
\ 
